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Abstract 

During  this  1991-1993  grant,  the  University  of  Michigan  developed 
“fibrous  monolithic  ceramics”,  a  new  class  of  monolithic  ceramics  with 
properties  comparable  to  ceramic  fiber  reinforced  ceramic  matrix 
composites  [CMC's].  They  consist  of  a  250-micron  “cells”  of  a  strong 
polycrystalline  ceramic,  such  as  silicon  carbide  or  silicon  nitride, 
separated  by  “cell  boundaries”  from  materials,  such  as  boron  nitride, 
which  promote  crack  deflection  and  delamination.  These  materials  show 
graceful  failure  in  flexure,  with  strengths  around  350  MPa  and  work  of 
fracture  around  2000  J/m^.  Fibrous  monolithic  ceramics  are  made  from 
conventional  low-cost  ceramic  powder,  using  extrusion  methods  common 
in  conventional  ceramic  manufacture.  We  have  demonstrated  successful 
fibrous  monoliths  with  silicon  carbide,  silicon  nitride,  and  alumina,  using 
weak  interfaces  of  graphite  or  boron  nitride.  The  boron  nitride  systems 
are  resistant  to  oxidation.  Their  room  temperature  properties  are 
unaffected  by  exposure  at  1400°C. 
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A .  Scientific  Research  Goals 


Our  goal  was  develop  a  new  type  of  monolithic  ceramic  with 
enhanced  toughness  and  "graceful"  fracture  behavior,  called  "fibrous 
monolithic  ceramics",  as  low  cost/high  performance  structural  ceramics. 
To  assure  low  cost,  we  emphasized  inexpensive  materials,  such  as  SiC 
and  alumina,  and  based  our  fabrication  on  powder  processing  techniques 
which  are  compatible  with  the  manufacturing  methods  now  available  at 
existing  ceramic  industrial  facilities. 


Our  approach  was  to  tailor  the  structure  of  the  ceramic  on  a  scale 
of  10-100  microns,  to  incorporate  features  which  cause  crack  deflection 
and  promote  shear  delamination.  We  did  this  by  compounding  the 
ceramic  powder  with  40-50  vol%  binder  and  spinning  "green  fibers".  The 
green  fibers  were  then  coated  with  a  second  phase  to  promote  deflection 
and  delamination.  The  coated  green  fibers  were  compacted  into  a 
formed  body,  and  sintered  or  hot  pressed  to  yield  a  dense  ceramic  with  a 
remnant  fibrous  texture  —  a  fibrous  monolithic  ceramic.  The 
microstructure  features  dense  "cells"  created  by  the  fiber  relicts,  with 
"cell  boundaries"  created  by  the  coating  phase. 


This  project  was  completed  at  the  end  of  March  1993,  but  work 
continued  on  fibrous  monolithic  ceramics  with  a  second  DARPA-funded 
program  under  ONR  N00014-93-1-0302,  "Advanced  Development  of 
Fibrous  Monolithic  Ceramics",  which  was  renewed  and  continued  through 
August  1997.  The  new  program  (subsequently  called  the  “1993  grant”) 
involved  significant  improvement  of  the  fibrous  monolith  process, 
transfer  and  scale-up  at  Advanced  Ceramic  Research,  Inc.,  who 
manufactured  a  fibrous  monolith  aft  combustor  plate  for  testing  at 
Williams  International,  Inc. 


We  developed  fibrous  monoliths  based  on  silicon  carbide,  silicon 
nitride,  alumina,  and  zirconia,  with  crack  interaction  mechanisms 
involving  local  regions  of  weak  interface  [SiC  cells  with  graphite  cell 
boundaries,  or  Si3N4  cells  with  BN  cell  boundaries,  alumina  and  zirconia 
with  BN  cell  boundaries],  which  cause  shear  delamination.  All  of  these 
feature  graceful  fracture,  with  retained  load  after  fracture  begins,  and 

work-of-fracture  values  of  several  thousand  J/m^.  Silicon  carbide  and 
silicon  nitride  FM's  with  boron  nitride  cell  boundaries  were  resistant  to 
oxidation  up  to  1400°C. 


B.  Significant  results  from  the  Program 

We  have  achieved  monolithic  ceramics  with  room  temperature 
properties  comparable  to  ceramic  fiber  reinforced  ceramic  matrix 
composites  [CMC's].  These  "fibrous  monolithic  ceramics"  are  made  from 
conventional  low-cost  ceramic  powder,  using  methods  directly 
transferable  to  conventional  ceramic  manufactures.  We  have 
demonstrated  successful  fibrous  monoliths  with  silicon  carbide,  silicon 
nitride,  and  alumina,  using  weak  interfaces  of  graphite  or  boron  nitride. 
The  boron  nitride  systems  are  resistant  to  oxidation.  Their  room 
temperature  properties  are  unaffected  by  exposure  at  1400°C. 


Fabrication  Methods 

The  emphasis  early  in  the  program  concerned  fabrication  and 
exploration  of  many  combinations  of  cell  materials  and  cell  boundary 
materials.  This  work  was  reported  in  a  paper  by  Baskaran,  Nunn, 
Popovich  and  Halloran'.  For  the  early  fabrication  work,  green  fibers 
were  produced  by  “dry  spinning”,  which  involves  extrusion  of  a  very 
viscous  solvent-borne  suspension,  which  solidifies  by  evaporation.  This 
process  was  described  in  detail  by  Baskaran  et  al.^  and  Nunn  et  al.\  The 
relation  between  fiber  spinning  and  suspension  rheology  was  discussed 
by  Subramanian  et  ah'*  In  practice,  a  relatively  fluid  suspension  was 
produced  by  ball  milling  powders  in  solution  of  ethyl  methacrylate  in 
methyl  ethyl  ketone,  followed  by  evaporation  of  most  of  the  solvent  to 
produce  a  very  viscous  ‘spinning  dope’.  The  dope  was  loaded  into  a 
dispensing  syringe,  and  extruded  into  drying  column.  Dry  green  fiber 
was  gently  collected  by  hand-spooling.  As  a  substitute  and  eventual 
replacement  for  dry  spinning,  Popovic’  developed  a  thermoplastic  melt 
spinning  process^.  This  later  became  our  only  method. 

For  melt  spinning,  the  ceramic  powders  are  compounded  with 
molten  thermoplastic  co-polymers  ethylene  vinyl  acetate  (EVA)  or 
ethylene  ethyl  acrylate  (EE A)  in  a  heated  shear  mixer  to  yield  a  50 
volume  percent  mixture.  The  mixture  was  thermoplastically 
compression  molded  into  a  cylindrical  feedrod  and  extruded  into  250 
micron  diameter  fibers  in  a  fiber  extrusion  machine,  and  collected  on  a 
spool,  as  described  in  Baskaran  et  al.  “Fibrous  Monolithic  Ceramics:  I” 

The  cell  boundary  material  was  applied  to  the  green  fibers  by  a 
dip-coating  process.  Simple  in  concept,  dip-coating  proved  a  challenge  to 
control,  since  the  thickness  of  the  coating  could  not  be  directly  adjusted. 
A  dip-coating  suspension  had  to  be  developed  for  each  material,  which 
would  wet  the  green  fiber  and  produce  a  thin  and  uniform  coating,  free 
of  bare  spots  or  thick  spots.  Typically  we  used  isopropanol  as  a 


'  S.  Baskaran,  S.D.  Nunn,  D.  Popovich,  and  J.W.  Halloran,  “Fibrous 
Monolithic  Ceramics:  I  Fabrication,  Microstructure,  and  Indentation 
Behavior”,  J.  American  Ceramic  Soc.  76  [9]  2209-16  (1993) 

^  S.  Baskaran,  D.  Popovic',  J.  Halloran,  G.  Subramanian,  and  S.  Bike, 

"Spinning  Fibers  from  Powder  Suspensions",  Particulate  Science  and 
Technology,  10,  p.  109-119,  (1992) 

^  S.D.  Nunn,  D.  Popovic,  S.  Baskaran,  J.  W.  Halloran,  G.  Subramanian  and  S.G. 
Bike,  "Suspension  Dry  Spinning  and  Rheological  Behavior  of  Ceramic 
Powder  Loaded  Polymer  Solutions",  J.  American  Ceramic  Soc  76, [10],  p.  2460- 
2464  (1993) 

^  G.  Subramanian,  S.G.  Bike,  S.  Baskaran,  D.  Popovic,  and  J.  W.  Halloran,  , 

'"The  Role  of  Rheological  Characterization  of  Ceramic  Dopes  in  Predicting 
Fiber  Spinning  Performance",  in  Flow  and  Microstructure  of  Dense 
Suspensions,  Ed.  by  L.  J.  Struble,  C.  F.  Zukowski,  and  G.  C.  Maitland,  MRS 
Conference  Proceedings.  Vol  289,  p.  129-134  (1993) 

^  Dragan  Popovic’,  M.S.  Thesis,  University  of  Michigan  1993 


suspension  medium.  The  compression  behavior  of  the  coating/fiber 
system  also  had  to  be  appropriate,  since  the  coating  must  deform  with 
the  green  fiber  in  the  subsequent  warm  compaction  step.  Dip-coating  of 
melt  spun  was  a  particular  problem,  since  coatings  had  to  be  particularly 
adherent  and  flexible  for  the  spooling  and  handling. 

The  Masters  thesis  of  PopovicX  was,  in  part,  the  early  development 
of  a  thermoplastic  co-extrusion  process  whereby  the  cell  and  cell 
boundary  was  created  simultaneously.  This  work  formed  the  basis 
works  subsequently  developed  in  the  following-on  grant,  which  resulted 
in  a  patent^  on  the  co-extrusion  process.  This  patent  appears  in  the 
Appendix.  The  co-extrusion  process  was  transferred  to  Advanced 
Ceramics  Research,  Inc.,  who  subsequently  made  many  improvements  in 
the  follow-on  program. 

Materials  and  Properties 

During  the  first  year  of  the  program  we  demonstrated  hot  pressed 
SiC/graphite  fibrous  monoliths  with  graceful  failure  by  shear 
delamination.  Uniaxially  aligned  specimens  had  peak  flexural  stress  [at 
point  of  shear  failure]  of  250  MPa  with  apparent  fracture  energy  of  1500 
J/m2.  This  work  was  reported  in  detail  by  Baskaran  and  Halloran’,  a 
paper  which  appears  in  the  Appendix,  and  in  the  proceedings  of  the 
1993  Cocoa  Beach  Conference*.  This  was  the  prototype  of  the  graceful 
fibrous  monoliths  which  were  subsequently  developed.  Graphite,  of 
course,  could  not  be  used  at  elevated  temperature  in  air.  So  we  made 
the  obvious  substitution  of  hexagonal  boron  nitride  (h-BN),  or  1  white 
graphitex  and  fabricated  SiC/BN  fibrous  monoliths 

The  SiC/BN  system  was  originally  fabricated  by  dry-spin/dip¬ 
coating  by  Baskaran’  displayed  higher  strength  (375  MPa)  and  much 
higher  work-of  fracture  at  room  temperature.  It  displayed  surprisingly 
good  oxidation  behavior,  retaining  similar  room  temperature  strength 
and  graceful  failure  after  10  hour  air  exposure  at  15003C.  This  is  much 
better  oxidation  resistance  than  would  be  expected  for  BN,  a 
consequence  of  the  formation  of  a  protective  scale  of  silicate,  which 


^  U.S.  5,  645,781  July  8,  1997  IProcess  for  Preparing  Textured  Ceramic 
Compositesx  D.  PopovicK,  J.Halloran,  G.  Hilmas,  G.  Brady,  S.  somers,  A.  Barda, 
G.  Zywicki 

’  S.  Baskaran  and  J.W.  Halloran,  IFibrous  Monolithic  Ceramics:  II  Flexural 
Strength  and  Fracture  Behavior  of  the  Silicon  Carbide/Graphite  Systemx,  J. 
American  Ceramic  Soc.  76  [9]  2217-24  (1993) 

*  S.  Baskaran  and  J.W.  Halloran,"SiC-Based  Fibrous  Monolithic  Ceramics", 
Ceramic  Science  and  Engineering  Proceedings,  Vol  14,  No.9-10,  pp  813-823 
(1993) 

’  S.  Baskaran  and  J.W.  Halloran,  IFibrous  Monolithic  Ceramics:  III, 
Mechanical  Properties  and  Oxidation  Behavior  of  the  Silicon  Carbide/Boron 
Nitride  Systemx,  J.  American  Ceramic  Soc.  77  [5]  1249-55  (1994) 


covers  the  BN  cell  boundaries  at  the  surface  of  the  material.  This 
Baskaran  paper  is  included  in  the  Appendix. 

Later  we  developed  higher  strength,  oxidation-resistant  Si3N4/BN 
fibrous  monoliths,  with  graceful  failure.  The  early  work  was  conducted 
by  PopovicK,  as  part  of  his  Masters  Thesis.  The  best  properties  achieved 
to  date  with  this  material  were  a  flexural  strength  of  420  MPa  and  an 

apparent  work  of  fracture  of  3500  J/m^.  Some  of  the  early  work  was 
reported  in  a  paper  by  PopovicK  et  al.°,  which  is  also  included  in  the 
Appendix.  Because  of  the  higher  strength,  the  follow-on  program 
emphasized  silicon  nitride/boron  nitride. 


Other  Materials 

The  primary  focus  of  this  program  and  the  1993  grant  concerned 
silicon  carbide  and  silicon  nitride  with  low  shear  strength  graphitic  cell 
boundaries.  We  also,  however,  explored  a  number  of  different  systems, 
with  oxide  cells,  microcracked  cell  boundaries,  and  metallic  cell 
boundaries.  This  section  briefly  reviews  these  activities. 

Baskaran  and  Nunn  developed  ceramic/metal  fibrous  monoliths, 
such  as  alumina  with  Ni  cell  boundaries.''  These  had  graceful  failure, 
but  failed  by  tensile  cracking.  With  only  7  volume  percent  Ni,  arranged 
as  aligned  cell  boundaries,  graceful  failure  was  achieved  by  bridging 
plastic  ligaments.  The  alumina/Ni  system  was  resistant  to  oxidation  to 
14003C.  During  the  1993  grant,  Hilmas  demonstrated  a  zirconia/Ni  FM, 
using  yttria  tetragonal  zirconia  polycrystal,  and  Abdali  conducted  a 
Masters  Thesis  project  on  ceramic/metal  fibrous  monoliths. 

Oxide/graphitic  analogues  were  explored  by  Zywicki,  who 
developed  alumina/BN  and  alumina/graphite  fibrous  monoliths,  with 
graceful  failure.  Much  of  this  work  was  continued  in  the  1993  program, 
and  is  fully  described  in  the  Masters  thesis  of  Gregory  Zywicki.'^ 

Early  in  the  project  Nunn  and  Baskaran  investigated  systems  with 
cell  boundaries  having  incipient  or  pre-existing  microcracks [  AI2O3  cells 


D.  Popovic',  S.  Baskaran,  ,  G.  Zywicki,  C.  Arens,  and  J.W.  Halloran,  "Silicon 
Nitride  and  Silicon  Carbide  Fibrous  Monolithic  Ceramics",  p.  173-186  in 
Silicon  Based  Structural  Ceramics,  ed.  B.W.  Sheldon,  S.C.  Danforth,  Ceramic 
Transactions  Vol  42  American  Ceramic  Soc.  Westerville,  OH  (1994) 

“  S.  Baskaran,  S.D.  Nunn,  and  J.W.  Halloran,  IFibrous  Monolithic  Ceramics: 
IV,  Mechanical  Properties  and  Oxidation  Behavior  of  the  Alumina/Nickel 
Systemx,  J.  American  Ceramic  Soc.  77  [5]  1256-62  (1994) 

Gregory  Zywicki,  1  Oxide  Based  Fibrous  Monolithic  Ceramicsx,  MS  Thesis, 
U.  Michigan  1996  (research  completed  1994) 


with  A^TiOs  cell  boundaries].  These  were  quite  flaw  tolerant,  but  had 
conventional  brittle  fracture,  so  we  abandoned  the  work. 

We  also  demonstrated  12%  ceria-zirconia/  alumina-zirconia  sintered 
fibrous  monolith.  Nomarski  interference  microscopy  showed  that  the 
transformation  zone  in  the  ceria-zirconia  around  a  microhardness  indent 
was  strongly  modified  by  the  alumina-zirconia  cell  boundaries.  This 
suggests  that  improved  toughness  is  to  be  expected,  although  no  data  has 
yet  been  taken.  Brittle  failure  occurs  at  250  MPa.  This  work  was  not 
pursued  further. 

With  the  collaboration  of  Prof.  David  Martin,  we  demonstrated  a 
tough  polymer-ceramic  system.  These  were  called  "super  clamshells",  as 
SiC-polyimide  fibrous  monolith  intended  to  serve  as  a  high  performance 
version  of  the  bio-inspired  design  of  mineral  laminae  [with  SiC  rather 
than  CaCOs]  connected  by  thin  polymer  layers  [with  Kapton  polyimide 
instead  of  protein].  This  was  prepared  by  oxidizing  away  the  graphite 
from  a  SiC-graphite  fibrous  monolith,  and  filling  the  resulting  empty  cell 
boundaries  with  the  precursor  of  polymellitic  dianhydride  oxydianiline 
[PMDA-ODA].  With  2  vol%  polyimide,  the  material  showed  graceful 

failure,  with  a  work  of  fracture  above  500  J/m^,  which  comparable  to 
dry  nacre’ After  the  early  exploration,  we  stopped  work  on  this 
system,  since  polymer-ceramic  systems  were  outside  the  scope  of  the 
program.  This  work  was  presented  at  the  American  Ceramic  Society,  but 
not  subsequently  published. 


D.  List  of  Publications/Reports/Presentations 

1.  Papers  Published  in  Refereed  Journals 

S.  Baskaran,  D.  Popovic',  J.  Halloran,  G.  Subramanian,  and  S.  Bike, 
"Spinning  Fibers  from  Powder  Suspensions",  Particulate  Science  and 
Technology,  10,  p.  109-119,  (1992) 

S.  Baskaran  and  J.W.  Halloran,"SiC-Based  Fibrous  Monolithic  Ceramics", 
17th  Annual  Conference  on  Composites  and  Advanced  Ceramic 
Materials,  Cocoa  Beach,  FL,  Jan.  10-15,  1993,  Ceramic  Science  and 
Engineering  Proceedings,  Vol  14,  No. 9-10,  pp  813-823  (1993) 


A.P.  Jackson,  J.F.V.  Vincent  and  R.M.  Turner,  Proc.  Roy.  Soc.  B  224  415 
(1988) 


S.  Baskaran,  S.  Nunn,  D.  Popovic',  and  J.W.  Halloran,  "Fibrous  Monolithic 
Ceramics,  I:  Fabrication,  Microstructure,  and  Indentation  Behavior",  J. 
American  Ceramic  Soc  76, [9],  p.  2209-2216  (1993) 

S.  Baskaran  and  J.W.  Halloran,  "Fibrous  Monolithic  Ceramics,  II:  Flexural 
Strength  and  Fracture  Behavior  of  the  SiC/Graphite  System",  J.  American 
Ceramic  Soc  76,[9],  p.  2217-2224  (1993) 

S.D.  Nunn,  D.  Popovic,  S.  Baskaran,  J.  W.  Halloran,  G.  Subramanian  and 
S.G.  Bike,  "Suspension  Dry  Spinning  and  Rheological  Behavior  of  Ceramic 
Powder  Loaded  Polymer  Solutions",  J.  American  Ceramic  Soc  76, [10],  p. 
2460-2464  (1993) 

G.  Subramanian,  S.G.  Bike,  S.  Baskaran,  D.  Popovic,  and  J.  W.  Halloran,  , 
"The  Role  of  Rheological  Characterization  of  Ceramic  Dopes  in  Predicting 
Fiber  Spinning  Performance",  in  Flow  and  Microstructure  of  Dense 
Suspensions,  Ed.  by  L.  J.  Struble,  C.  F.  Zukowski,  and  G.  C.  Maitland,  MRS 
Conference  Proceedings.  Vol  289,  p.  129-134  (1993) 

S.  Baskaran,  D.  Popovic',  S.  Baskaran,  ,  G.  Zywicki,  C.  Arens,  and  J.W. 
Halloran,  "Silicon  Nitride  and  Silicon  Carbide  Fibrous  Monolithic 
Ceramics",  p.  173-186  in  Silicon  Based  Structural  Ceramics,  ed.  B.W. 
Sheldon,  S.C.  Danforth,  Ceramic  Transactions  Vol  42  American  Ceramic 
Soc.  Westerville,  OH  (1994)  Proceedings  of  the  Silicon  Based  Structural 
Ceramics  Symposium,  American  Ceramic  Soc.  Pacific  Rim  Meeting,  Nov. 
7-10,  1993,  Honolulu,  Hawaii 

S.  Baskaran  and  J.W.  Halloran,  "Fibrous  Monolithic  Ceramics,  III: 
Mechanical  Properties  and  Oxidation  Behavior  of  the  SiC/BN  System", 
submitted  to  the  J.  American  Ceramic  Soc.,  77  [5]  1249-55  (1994) 

S.  Baskaran,  S.  Nunn,  and  J.W.  Halloran,  "Fibrous  Monolithic  Ceramics:  IV, 
Mechanical  Properties  and  Oxidation  Behavior  of  the  Alumina/Ni 
System",  submitted  to  the  J.  American  Ceramic  Soc  77  [5]  1256-62 
(1994) 


2.  Non-Refereed  Publications  and  Published  Technical  Reports 
none 

3.  Presentations 
a.  Invited 

1992  Pacific  Coast  Regional  Meeting,  American  Ceramic  Society, 
San  Francisco,  CA,  Nov  3-4,  1992 

"Powder  Processing  for  Tough  Fibrous  Monolithic  Ceramics",  S. 
Baskaran,  D.  Popovic,  J.  Halloran 


American  Ceramic  Society,  Annual  Meeting,  Aprill8-22,  1993, 
Cincinnati,  Ohio 

"Micro structure  Design  for  Fibrous  Monolithic  Ceramics  and 
Ceramic-Polymer  Composites".  S.  Baskaran,  D.C.  Martin,  and  J, 
Halloran 

American  Ceramic  Society,  Annual  Meeting,  Aprill8-22,  1993, 
Cincinnati,  Ohio 

"Properties  of  Fibrous  Monolithic  Ceramics".  S.  Baskaran,  D.  Popovic, 
G.  Zywicki,  and  J.  Halloran 

ONR  In-Situ  Composites  Review/Workshop 
June  1-2,  1993,  Woods  Hole,  MA 

"Graceful  Failure  from  Monolithic  Ceramics  with  the  Fibrous 
Monolith  Structure" 


b.  Contributed 

1992  Pacific  Coast  Regional  Meeting,  American  Ceramic  Society, 
San  Francisco,  CA,  Nov  3-4,  1992 

"Fracture  of  Fibrous  Monolithic  Ceramics",  S.  Baskaran, 

D.  Popovic,  J.  Halloran 

1992  Materials  Research  Society  Fall  Meeting,  Boston 
G.  Subramanian,  S.G.  Bike,  S.  Baskaran,  D.  Popovic,  and  J.  W. 
Halloran,  "The  Role  of  Rheological  Characterization  of  Ceramic 
Dopes  in  Predicting  Fiber  Spinning  Performance" 

American  Ceramic  Society,  17th  Annual  Conference  on  Composites 
and  Advanced  Ceramics,  Jan.  10-15,  1993  Cocoa  Beach,  FL 
Suresh  Baskaran  and  John  Halloran,  "SiC  -Based  Fibrous  Monolithic 
Ceramics" 

American  Ceramic  Soc.  Pacific  Rim  Meeting,  Nov.  7-10,  1993, 
Honolulu,  Hawaii,  Si-Based  Structural  Ceramics  Symp. 

S.  Baskaran,  D.  Popovic',  G.  Zywicki,  C.  Arens,  and  J.W.  Halloran, 
"Silicon  Nitride  and  Silicon  Carbide  Fibrous  Monolithic  Ceramics" 


Books  (and  sections  thereof) 
none 


E  List  of  Honors/Awards 

Name  of  Person  Recipient's 

Receiving  Awards  Institution 

J.  Halloran, 

S.  Baskaran  U.  Michigan 


Name,  Sponsor  and 

Purpose  of  Award 


Engineering  Ceramics 

Division,  American 
Ceramics  Soc. 

"Second  Prize"  for 
Technical  Presentation 
"SiC  -Based  Fibrous 
Monolithic  Ceramics" 

17th  Annual  Conf. 
on  Composites  and  Adv. 
Ceramics,  Jan.  10-15,  1993 
Cocoa  Beach,  FL 


H.  Summary  of 

Publications/Patents/Presentations/Honors/Participants 

(Number  Only) 


a.  Number  of  Papers  Submitted  to  Refereed 

Journal  but  not  yet  published:  0 

b.  Number  of  Papers  Published  in  Refereed 

Journals:  9 

c.  Number  of  Books  or  Chapters  Submitted  but 

not  yet  Published:  0 

d.  Number  of  Books  or  Chapters  Published:  0 

e.  Number  of  Printed  Technical  Reports  & 

Non-Refereed  Papers:  0 

f.  Number  of  Patents  Filed  (in  1994):  1 

g.  Number  of  Patents  Granted  (in  1997):  1 

h.  Number  of  Invited  Presentations  at  Workshops 

or  Prof.  Society  Meetings:  4 

i.  Number  of  Contributed  Presentations  at 

Workshops  or  Prof.  Society  Meetings:  4 

j.  Honor s/Awards/Prizes  for  Contract/Grant 

Employees  1 

k.  Number  of  Graduate  Students  and  Post-Docs 

Supported  at  least  25%  3 

Grad  Students:  Total  1 

Female  0 

Minority  0 

Post  Doc:  Total  2 

Female  0 

Minority  0 


Appendix 

This  Appendix  includes  reprints  or  copies  of  five  of  the 
principal  publications  resulting  from  this  research  grant.  These 
are: 

S.  Baskaran,  S.D.  Nunn,  D.  Popovich,  and  J.W.  Halloran,  IFibrous 
Monolithic  Ceramics:  I  Fabrication,  Microstructure,  and 
Indentation  Behaviorx,  J.  American  Ceramic  Soc.  76  [9]  2209-16 
(1993) 

S.  Baskaran  and  J.W.  Halloran,  IFibrous  Monolithic  Ceramics:  II 
Flexural  Strength  and  Fracture  Behavior  of  the  Silicon 
Carbide/Graphite  Systemx,  J.  American  Ceramic  Soc.  76  [9]  2217- 
24  (1993) 

S.  Baskaran  and  J.W.  Halloran,  IFibrous  Monolithic  Ceramics:  III, 
Mechanical  Properties  and  Oxidation  Behavior  of  the  Silicon 
Carbide/Boron  Nitride  Systemx,  J.  American  Ceramic  Soc.  77  [5] 
1249-55  (1994) 

S.  Baskaran,  S.D.  Nunn,  and  J.W.  Halloran,  IFibrous  Monolithic 
Ceramics:  IV,  Mechanical  Properties  and  Oxidation  Behavior  of  the 
Alumina/Nickel  Systemx,  J.  American  Ceramic  Soc.  77  [5]  1256-62 
(1994) 

U.S.  5,  645,781  July  8,  1997  IProcess  for  Preparing  Textured 
Ceramic  Compositesx  D.  PopovicK,  J.Halloran,  G.  Hilmas,  G.  Brady,  S. 
somers,  A.  Barda,  G.  Zywicki 


Fibrous  Monolithic  Ceramics:  b  Fabrication,  Microstructure,  and 

Indentation  Behavior 

Suresh  Baskaran,*  Stephen  D.  Nunn,*  Dragan  Popovic,*  and  John  W.  Halloran* 

Department  of  Materials  Science  and  Engineering,  University  of  Michigan, 

Ann  Arbor,  Michigan  48109 


Monolithic  ceramics  have  been  fabricated  from  coated 
green  fibers  to  create  fibrous  microstructures.  The  fibrous 
monoliths  consist  of  high  aspect  ratio  polycrystalline 
regions  (cells)  of  a  primary  phase  separated  by  thin  second- 
phase  regions  (cell  boundaries)  designed  to  improve  frac¬ 
ture  resistance.  The  cells  are  the  remnants  of  the  green  fiber 
which  consists  of  ceramic  powder  and  a  polymer  binder. 
The  coating  applied  on  the  green  fiber  forms  the  cell  bound¬ 
aries.  Fabrication  and  microstructure  are  described  for 
fibrous  monoliths  in  the  SiC/graphite,  silicon  nitride/BN, 
alumina/alumina-zirconia,  alumina/aluminum  titanate, 
alumina/nickel  and  Ce-TZP/alumina-Ce-zirconia  sys¬ 
tems.  The  SiC/graphite  fibrous  monolith  displays  noncata- 
strophic  failure  in  flexure,  with  shear  delamination  along 
the  weak  graphite  layers.  Indentations  in  SiC/graphite 
cause  cells  to  spall,  with  crack  arrest  and  extrusion  of 
graphite  from  the  cell  boundaries.  Crack  deflection  and 
spalling  of  cells  are  also  observed  in  alumina/alumina-zir- 
conia  fibrous  monoliths.  In  the  Ce-TZP/alumina  system, 
transformed  regions  around  indentations  are  significantly 
modified  by  the  alumina-containing  cell  boundaries. 


1.  Introduction 

Monolithic  ceramics  which  have  a  fabric  of  microstruc- 
tural  features  designed  to  interact  with  crack  propagation 
have  improved  toughness  and  show  /?-curve  behavior.'  Clegg 
et  air  produced  a  laminar  fabric  of  SiC  interleaved  with  graph¬ 
ite  films  which  had  flexural  stress-strain  behavior  comparable 
to  fiber-reinforced  composites.  Duplex  structures  of  Claussen^ 
and  duplex  bimodal  ceramics'^**  are  designed  with  a  fabric 
where  the  local  phase  content  is  varied  in  a  matrix.  These  result 
in  increasing  toughness  with  crack  propagation,  or  /?-curve 
behavior,  and  lead  to  flaw-insensitive  ceramics. 

The  “fibrous  monolith"  processing  approach,  introduced  by 
Coblenz,^  provides  a  novel  and  powerful  method  to  fabricate 
ceramics  with  controlled  fabrics.  Fibrous  monoliths  are  sintered 
(or  hot-pressed)  monolithic  ceramics  with  a  distinct  fibrous  tex¬ 
ture,  consisting  of  cells  of  a  primary  phase,  separated  by  cell 
boundaries  of  a  tailored  secondary  phase.  This  structure  is  illus¬ 
trated  schematically  in  Fig.  1 .  The  cells  are  not  fibers,  but  rather 
polycrystalline  ceramic  domains.  The  cell  boundary  phases  can 
be,  in  different  designs,  weak  interfaces,  microcrack  zones. 
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ductile-phase  filaments,  or  interphases  with  different  physical 
properties. 

We  have  produced  fibrous  monoliths  from  a  variety  of  mate¬ 
rials  using  a  simple  process  for  converting  ordinary  ceramic 
powder  into  “green  fiber"  consisting  of  the  powder  and  a  soft 
polymer  binder.  These  fibers  can  be  compacted  in  the  green 
state  to  create,  after  sintering,  the  fabric  of  polycrystalline  cells. 
The  secondary  phases  for  the  cell  boundaries  are  introduced  as 
a  coating  on  the  green  fiber  prior  to  compaction.  The  process  is 
widely  applicable.  The  cells  and  cell  boundaries  can  be  made 
from  any  compatible  set  of  materials  available  as  fine,  sin- 
terable  powders.  The  scale  of  the  microstructure  is  determined 
by  the  green  fiber  diameter  (for  cell  size)  and  coating  thickness 
(for  cell  boundaries).  A  variety  of  architectures  are  possible, 
including  compacted  felt  structures,  randomly  oriented 
chopped  green  fibers,  and  aligned  green  fibers.  We  have  pre¬ 
pared  fibrous  monoliths  in  the  SiC/graphite,  Si^N^/BN,  alu- 
mina/alumina-zirconia,  alumina/aluminum  titanate,  Ce-TZP/ 
Ce-TZP-alumina,  and  alumina/Ni  systems. 

In  the  simplest  system,  the  cell  boundary  is  a  weak  interface 
and  acts  as  the  preferred  path  for  crack  propagation.  Examples 
are  graphite  cell  boundaries  with  silicon  carbide  or  boron 
nitride  cell  boundaries  in  silicon  nitride.  Fibrous  monoliths  such 
as  alumina/aluminum  titanate  or  alumina/alumina-zirconia 
are  designed  to  have  microcracked  cell  boundaries  that  will 
affect  crack  propagation  characteristics.  Microcracking  occurs 
in  fine-grained  AFTiO^  because  of  high  thermal  expansion 
anisotropy.’  '^  In  particulate  composites  of  AFO^-AFTiOj,  high 
residual  stresses  due  to  expansion  mismatch  result  in  flaw-toler¬ 
ant  mechanical  behavior.*^  In  alumina  matrices  containing 
unstabilized  zirconia,  microcracking  arises  from  the  transfor¬ 
mation  of  zirconia  particles  from  tetragonal  to  monoclinic  sym¬ 
metry.^  An  alumina/nickel  fibrous  monolith  has  been  fabricated 
as  an  example  of  a  ductile  phase  cell  boundary.  To  examine 
Ce-TZP/alumina  laminates'”  in  fibrous  monolith  form,  we  pro¬ 
duced  a  microstructure  with  transformable  Ce-TZP  cells  with 


Cell  =  200  ^im 

► 

Fig.  1.  Schematic  illustrating  the  structure  of  a  fibrous  monolith. 
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nontransformable  alumina  +  Ce-zirconia  cell  boundaries.  The 
work  of  Marshall  et  has  shown  that  transformation  zone 
spreading  in  suitably  tailored  Ce-TZP/alumina  structures  can 
significantly  increase  the  fracture  toughness. 

This  paper  is  a  first  report  on  fibrous  monolithic  ceramics, 
emphasizing  fabrication,  microstructure,  and  indentation 
behavior  of  several  different  systems,  and  briefly  describing  the 
strength  behavior  of  one  system,  SiC/graphite.  It  will  be  fol¬ 
lowed  by  detailed  reports  on  the  mechanical  properties  of  par¬ 
ticular  types  of  fibrous  monoliths.  “ 

11.  Fabrication  Procedure 

The  fabrication  of  fibrous  monoliths  is  illustrated  in  Fig.  2,  a 
process  schematic.  There  are  six  process  steps:  (I)  spinning  the 
green  fiber  for  the  cell,  (2)  coating  the  green  fiber  with  the  cell 
boundary  material,  (3)  lay-up  of  the  coated  green  fibers,  (4) 
consolidation  of  the  soft  fibers  into  a  monolithic  green  body,  (5) 
binder  burnout,  (6)  densification  by  sintering  or  hot-pressing. 

(1)  Fiber  Spinning  and  Coating 

Green  fibers  are  made  from  any  fine  ceramic  powder  and 
appropriate  polymer  binders.  The  polymer  system  depends 
upon  the  fabrication  method,  with  thermoplastics  used  for  melt 
spinning,  and  solvent-borne  resins  used  for  dry  spinning.  Ease 
of  processing  and  good  binder  behavior  are  the  major  consider¬ 
ations  in  polymer  selection.  The  polymer  should  produce  a 
flexible  green  fiber  which  can  be  easily  deformed  during  con¬ 
solidation.  Green  fibers  can  be  made  by  any  of  the  conventional 
fiber-forming  methods,  including  suspension  dry  spinning, 
thermoplastic  melt  spinning,''*  '^  or  wet  spinning  of  rayon  vis¬ 
cose  suspensions.'^  We  prepare  fibers  by  dry  spinning  and  melt 
spinning. 

Dry  spinning  is  convenient  for  small  batches.  The  dry  spin¬ 
ning  “dope”  is  prepared  rather  like  a  tape  casting  slip.  In  the  first 
ball  milling  step,  the  ceramic  powder  is  dispersed  in  a  volatile 
solvent.  The  polymer  solution  is  added,  followed  by  a  second 
ball  milling  step  to  homogenize  the  slip,  producing  a  dilute  slip. 
Next  the  slip  is  concentrated  by  evaporating  the  solvent  to  pro¬ 
duce  the  viscous  spinning  dope.  The  dope  is  extruded  into  a 
drying  column  to  produce  the  fibers. 

The  dry-spun  fibers  used  in  this  work  had  a  dry  composition 
of  55-60  vol%  ceramic  powder  +40-45  vol%  ethyl  methacry¬ 
late  (EMA)  copolymer  (Acryloid  B-7  MEK,  Rohm  and  Haas, 
Philadelphia,  PA).  The  solvent  was  methyl  ethyl  ketone  (MEK). 
The  ceramic  powders  in  the  green  fiber  that  ultimately  form  the 
cell  phases  are  listed  in  Table  I.  For  extrusion,  the  dope  was 
loaded  into  a  dispensing  syringe  with  a  pneumatic  piston,  and 
forced  through  a  330- jxm  orifice  into  a  drying  column  at  85- 
110°C.  For  our  particular  extrusion  and  drying  conditions, 
spinnable  dopes  had  solvent  concentrations  in  the  range  of  60- 
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70  vol%  MEK  solvent.  The  preferred  compositions,  tempera¬ 
tures,  and  processing  variables  are  reported  elsewhere.'" 

Figure  3(A)  shows  a  typical  dry-spun  green  fiber  with  an 
area-equivalent  circular  diameter  of  ^175  tim.  Notice  the 
“dog-bone”  cross  section,  an  artifact  of  the  high  evaporation  to 
diffusion  rate  ratio  during  dry  spinning  in  this  particular  system. 
A  high-magnification  view  (Fig.  3(B))  shows  the  edge  of  a 
coated  fiber.  The  fiber  contains  a  SiC  ( +  Y2O3,  AhO,)  ceramic 
powder  and  the  EMA  polymer.  We  find  that  unplasticized  EMA 
contents  should  be  at  least  20  voI%  for  lamination  of  the  green 
fibers  into  monolithic  bodies.  Polymer  contents  of  40-50  vol% 
are  preferred  for  convenient  handling  of  green  fibers. 

Melt-spun  fibers  were  prepared  using  methods  similar  to 
those  described  by  Frechette  et  a/.'^  Here  the  ceramic  powder  is 
compounded  with  a  thermoplastic,  as  in  the  preparation  of 
injection  molding  mixes.  We  use  a  Brabender  Plasticorder  (C. 
W.  Brabender  Instruments,  Inc.,  South  Hackensack,  NJ)  heated 
to  the  appropriate  temperature,  such  as  170-180°C  for  polypro¬ 
pylene  (PP)  or  180-190°C  for  ethylene  vinyl  acetate  (EVA) 
(Elvax  470  Du  Pont,  Wilmington,  DE).  The  resin  is  melted,  and 
the  ceramic  powder  gradually  added  while  compounding  to 
produce  a  homogeneous  blend.  The  spinnable  mix  is  a  leathery 
compound  consisting  of  50  vol%  ceramic  powder.  Our  extruder 
is  a  piston-style  machine  requiring  a  cylindrical  feedrod,  so 
the  compounded  mix  is  next  formed  into  a  1 -cm-diameter  feed- 
rod  by  compression  molding.  The  feedrod  is  loaded  into  the 
fiber  extrusion  machine  (Bradford  University  Research,  Ltd., 
Bradford,  U.K.)  and  extruded  through  a  spinnerette.  Extrusion 
conditions  depend  upon  the  particular  system.  For  silicon 
nitride-EVA  green  fiber  with  a  250-tJLm  single-hole  orifice,  for 
example,  we  extrude  at  215°C  and  1-3  MPa.  The  fiber  cools 
rapidly  and  is  taken  up  on  a  cross- wound  spool  about  1  m  below 
the  extruder.  Unlike  the  dry-spun  fiber,  melt-spun  fiber  is  uni¬ 
form  and  round.  In  this  study,  only  Si3N4  green  fibers  were 
melt-spun.  All  other  materials  were  dry-spun. 

The  cell  boundary  material  is  applied  by  a  simple  dip  coating 
process  in  which  the  green  fibers  are  drawn  through  a  suspen¬ 
sion  of  the  coating  material.  The  thickness  of  the  coating  is 
determined  by  the  concentration  of  the  suspension.  Figure  3(B) 
shows  a  ^  1-pim-thick  graphite  coating  on  SiC  green  fiber.  The 
graphite  slurry  is  simply  a  commercial  aqueous  graphite  paste 
(Aquadag,  Acheson  Colloid,  Port  Huron,  MI),  diluted  with 
2-propanoI  to  a  low-viscosity  suspension  of  «=3  vol%  solids. 
We  find  that  this  adheres  well  to  dry-spun  fibers  with  EMA 
binders.  This  simple  coating  is  too  brittle  for  melt-spun  fibers, 
which  are  respooled  after  coating,  so  a  latex  binder  (LPR  6632A 
carboxylated  styrene  butadiene  rubber  latex,  Goodyear  Tire  and 
Rubber  Co.,  Calhoun,  GA)  is  added  to  the  coating  slurry  to 
make  it  adherent  and  flexible.  Boron  nitride  coatings  are  applied 
with  a  commercial  aqueous  BN  coating  slurry  (BN  Paint,  ZYP 
Coatings,  Oak  Ridge,  TN).  The  slurry  is  supplied  with  25  wt% 
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Fig.  2.  Flow  chart  describing  fabrication  procedure  of  fibrous  monoliths. 
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Fibrous  Monolithic  Ceramics:  I,  Fabrication,  Microstructure,  and  Indentation  Behavior 


Table  L  Fibrous  Monolith  Systems  and  Fabrication  Conditions 


Cell 

material 

Cell 

boundary 

material 

Sintering 

conditions 

Cell 
ceramic 
grain  size 

Cell 

boundary 
grain  size 

Density 
and  open 
porosity 

(l)SiC*  +  4wt% 
Y2O3’  +  6  wt% 

aia’ 

Graphite 

Hot-pressed 

1900T,  1  h, 

25  MPa 

2-4  fim  equiaxed 

1-5  |jLm  aligned 
graphite  flakes 

3.07  g/cm\  2.4% 
open  pores  in 
graphite 

(2)Si3N4«  +  9wt% 

BN 

Hot-pressed 

0.2-0.5 

2-10  pm  aligned 

3.24g/cm\  0% 

Y,0,’  +  3  wt% 
AIA* 

I750T,  1  h, 

25  MPA 

equiaxed 

BN  flakes 

open  pores 

(3)  ZA-12  mol% 

AI2O,  +  50vol% 

Sintered  1500T, 

2  |jLm  Ce-ZrO, 

1  pm  for  Ce-Zr02 

5.67  g/cm\  0.4% 

CeOj’ 

Zr02-12 
mol%  Ce02 

2h 

and  AI2O3 

open  pores 

(4)  AIA** 

Al2Ti05 

Hot-pressed 

MOOT,  0.5  h, 

25  MPa 

1-2  p,m  for  alumina 

2-4  pm  AkTiO^ 

0%  open  pores 

(5)  AIA*  +  4 

AI2O3  +  35  vol% 

Hot-pressed 

0,5-1  |jLm  for 

0.5-1  pm  alumina 

4.05  g/cm\  0% 

vol%  Zr02-3 
mol%  Y2O3" 

unstab.  ZrOj 

1450T,  1  h, 

25  MPa 

alumina 

and  zirconia 

open  pores 

(6)Al20,* 

Ni 

Hot-pressed 

MOOT,  1  h, 

25  MPa 

1-2  |ULm  for  alumina 

4.13  g/cm\  0% 
open  pores 

'TZ- 


♦B-10  p-SiC,  Hermann  C.  Starck,  Inc.,  NY.  ^Johnson  Matlhey  Co.,  Ward  Hill,  MA.  ^RC-HP  DBM,  Malakoff  Industries.  Malakoff,  TX.  *E-10,  Ube  Industries  Tokyo  Japan 

Z-12Ce,  12  moI%  Ce0,-Zr02,  Tosoh  USA,  Atlanta,  G A.  **AKP-50.  Sumitomo  Chemicals,  Tokyo,  Japan. ’^TZ-3Y,  Tosoh  USA,  Atlanta,  GA. 


solids,  with  the  solids  consisting  of  87.5  wt%  BN  and  12.5  wt% 
alumina. 

To  produce  cell  boundaries  of  aluminum  titanate  on  alumina 
green  fibers,  we  use  a  slurry  containing  the  appropriate  ratio  of 
reactive  submicrometer  alumina  (RC-HP  DBM  Malakoff 
Industries,  Malakoff,  TX)  and  titania  (J,  T.  Baker  Chemical 
Co.,  Phillipsburg,  NJ)  powders  in  2-propanol.  The  aluminum 
titanate  phase  forms  via  solid-state  reaction  during  sintering. 
Alumina-zirconia  cell  boundaries  are  created  by  coating  alu¬ 
mina  green  fibers  with  a  similar  slurry  containing  alumina 
(Malakoff  Industries)  and  unstabilized  zirconia  powder 
(SC- 101,  Magnesium  Elektron,  Inc.,  Flemington,  NJ).  The 
median  particle  size  of  the  unstabilized  zirconia  powder  was  0.9 
p.m.  Metallic  Ni  cell  boundaries  are  obtained  by  coating  alu¬ 
mina  green  fibers  with  an  aqueous  suspension  of  NiO  (N-69, 
Fisher  Scientific  Co.,  Fairlawn,  NJ).  Reduction  to  metallic 
nickel  occurs  during  hot  pressing.  To  produce  cell  boundaries 
of  Ce-zirconia  +  alumina  on  Ce-TZP  fibers,  we  use  a  slurry 
containing  Ce-zirconia  (TZ-12Ce,  Tosoh  USA,  Atlanta,  GA) 


and  alumina  (Malakoff  Industries)  powders.  All  oxide  coating 
slurries  contained  «==  10  vol%  solids. 

(2)  Forming 

The  fibrous  monoliths  are  formed  by  warm-pressing  a  green 
fiber  preform.  We  make  random  compacted  felt  preforms  by 
simply  compressing  a  tangled  mass  of  fiber.  Uniaxial  layups  are 
made  by  arranging  the  green  fibers  in  a  uniaxial  pattern  prior  to 
compaction.  Coated  green  fibers  can  also  be  chopped  to 
<4-mm  lengths,  simply  poured  into  the  die  and  pressed.  Com¬ 
paction  is  conducted  at  temperatures  above  the  glass  transition 
temperature  of  the  ethyl  methacrylate  copolymer  (40°C)  where 
the  fibers  are  soft  enough  to  mold  under  pressure  and  laminate 
into  a  solid  monolith.  Typically  we  load  the  coated  green  fiber 
preform  into  a  cold  die,  warm  the  assembled  die  to  SOT,  then 
compress  the  preform  at  60  MPa  in  a  Carver  press.  This  temper¬ 
ature-pressure  condition  is  sufficient  to  entirely  collapse  all  the 
voids  between  the  green  fibers. 

Uniaxial  compaction  adds  an  additional  texture  to  the  fibrous 
monolith,  since  the  soft  fibers  are  mostly  deformed  along  the 


Fig.  3.  SEM  micrographs  of  the  cross  section  of  a  coated  SiC  green  fiber  produced  by  dry  spinning:  (A)  low-magnification  view  showing  fiber  cross 
section;  (B)  higher-magnification  view  near  the  edge.  The  fiber  consists  of  SiC  ( +  Y.O,  .AIT,)  powder  and  ethyl  methacrylate.  The  colloidal  graphite 
(C)  coating  is  indicated  by  arrow. 
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Fig.  4.  Ground  surfaces  of  a  dense  SiC/graphite  fibrous  monolith  prepared  with  aligned  fibers  showing  polycrystalline  SiC  cells  (gray)  and  graphite 
cell  boundaries  (white):  (A)  viewed  in  the  hot-pressing  direction,  (B)  viewed  normal  to  the  hot-pressing  direction,  (C)  end-on  view.  Fibers  were 
aligned  left-right  in  (A)  and  (B). 


compression  axis.  Thus  typical  green  fibers  with  ^175-|jLm 
equivalent  diameters  are  flattened  during  warm  pressing,  and 
further  deformed  during  uniaxial  hot  pressing,  resulting  in  cells 
only  ^60  |xm  thick  and  "^200  fxm  wide  after  densification.  This 
imparts  distinct  transverse  versus  longitudinal  microstructure. 

The  green  fibrous  monolith  undergoes  a  conventional  binder 
burnout  followed  by  sintering  or  hot  pressing.  For  oxides  sin¬ 
tered  in  air,  binder  burnout  is  done  in  air.  The  heating  schedule 
depends  upon  the  size  of  the  green  part.  For  7-cm''  green  billets 
(5.2  cm  wide,  2.6  cm  long,  and  0.5  cm  thick),  we  heat  at  60°C/h 
to  600°C.  After  binder  removal,  oxide  pellets  or  billets  are  iso- 
statically  pressed  in  rubber  bags  to  3 10  MPa,  and  then  sintered. 
The  Ce-TZP-based  fibrous  monolith  was  fabricated  using  this 
procedure.  For  nonoxide  materials  which  are  hot-pressed,  such 
as  silicon  carbide-graphite,  binder  removal  is  accomplished  by 
healing  in  the  graphite  die  in  an  actively  pumped  vacuum.  We 
remove  the  binder  from  7-cm-  billets  by  heating  at  260°C/h  to 
S00®C.  while  the  part  is  in  the  graphite  die,  before  hot  pressing. 
For  the  alumina/aluminum  titanate  fibrous  monoliths,  binder 
removal  and  sintering  can  be  done  in  air,  but  we  chose  to  hot- 
press  in  alumina  packing  powder  for  convenience. 

(3)  Densification  and  Microstructural  Development 

Densification  is  accompli.shed  by  sintering  or  hot  pressing  at 
the  temperatures  appropriate  for  the  panicular  powder.  Table  1 
lists  the  densification  conditions  for  several  systems,  along  with 
several  microstructural  characteristics,  such  as  the  grain  size  of 
(he  cell  ceramic  and  the  cell  boundary  material,  as  estimated 
from  micrographs.  Systems  I  and  2,  the  silicon  carbide  and  sili¬ 
con  nitride  materials,  are  hot-pressed  with  an  yttria-alumina 
liquid-phase  sintering  aid.  The  oxide  materials  are  nominally 
solid-state  densified.  The  ceria-zirconia  fibrous  monolith,  sys¬ 
tem  3,  was  pressureless  sintered.  All  three  alumina-based 
fibrous  monoliths  were  hot-pressed.  The  aluminas  were 
undoped.  Systems  4  and  6  did  not  have  a  grain  growth  inhibitor, 
while  system  5  included  4  voWc  of  3Y-TZP  as  a  second-phase 
grain  growth  inhibitor. 

The  volume  fraction  of  the  cell  boundary  phases  are  not 
exactly  known,  since  the  green  coating  thicknesses  are  not  pre¬ 
cisely  controlled.  Hence  we  do  not  know  the  theoretical  densi¬ 
ties  of  the  fibrous  monoliths.  The  densities  and  open  porosity, 
as  determined  by  the  water  immersion  method,  are  included  in 
Table  I.  The  cell  phases  in  all  materials  are  essentially  fully 
dense.  None  of  the  systems  imbibe  water,  so  they  have  no 
apparent  open  porosities.  The  alumina-Ce-zirconia  cell  bound¬ 
ary  phase  in  the  pressureless  sintered  system  3  appears  to  have 
some  porosity  (or  pullout)  in  polished  sections,  but  the  porosity 
must  be  loo  small  to  cause  measurable  water  adsorption.  In  the 


Fig.  5.  SEM  micrograph  of  a  polished  surface  of  a  SiC/graphite 
fibrous  monolith  prepared  with  finely  chopped  randomly  oriented 
fibers.  Viewed  normal  to  the  hot-pressing  direction. 


case  of  the  SiC/graphite,  system  1 ,  the  cells  are  fully  dense,  but 
we  infer  a  porosity  of  30%  within  the  graphite  cell  boundaries. 
Since  the  graphite  is  present  at  only  4  wt4  overall,  this  corres¬ 
ponds  to  about  2.4  vol%  porosity.  This  material  does  not  adsorb 
water,  so  the  porosity  in  the  graphite  phase  is  inferred  indi¬ 
rectly."  Fabricated  graphites  are  always  porous,  so  we  expect 
some  porosity  in  the  graphite  cell  boundaries.  We  assume  that 
the  silicon  nitride/boron  nitride  analogue,  system  2,  has  a  simi¬ 
lar  amount  of  porosity  in  the  BN  cell  boundaries,  although  this 
material  al.so  does  not  adsorb  water. 

It  should  be  emphasized  that  the  fibrous  monolith  .structure 
develops  from  the  heterogeneous  cell  boundary  material.  Sim¬ 
ple  uncoated  green  fiber,  if  it  is  made  from  equiaxed  powder, 
leaves  no  trace  of  the  original  fibers  after  consolidation  and 
densification.*  We  have  hot-pressed  uncoated  SiC  green  fiber 


*However.  anisometric  panicles,  flakes,  or  platelets  are  aligned  during  fiber  spin¬ 
ning  and  leave  a  distinct  texture.  We  are  exploring  systems  such  as  compacted  green 
fibers  of' alumina  powder  alumina  platelets  and  SiC  powder  -i-  graphite  flakes  to 
produce  monolithic  ceramics  containing  locally  oriented  features. 
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Fig.  6.  End-on  view  of  an  aligned  Si^Nj/BN  fibrous  monolith  pre¬ 
pared  with  melt-spun  fibers.  The  BN(  +  AhOO  appears  bright  in  the 
SEM  micrograph. 


and  found  no  evidence  of  the  fibers  in  polished  sections  and 
fracture  surfaces.  Similarly,  uncoated  green  fibers  of  silicon 
nitride  (with  yttria  4-  alumina)  form  monolithic  hot-pressed  sil¬ 
icon  nitride  with  a  microstructure  indistinguishable  from  a  body 
fabricated  from  ordinary  powder. 

The  cell  and  cell  boundary  structure  of  a  fibrous  monolith 
with  aligned  fibers  is  illustrated  in  Fig.  4(A).  which  is  an  SEM 
micrograph  of  a  ground  surface  of  system  1 ,  the  SiC-graphite 
fibrous  monolith.  The  polycrystalline  SiC  cells  and  graphite  cel! 
boundaries  are  viewed  in  the  hot-pressing  direction.  The  coated 
fibers  had  been  placed  lengthwise  from  left  to  right  and  then 
pressed.  The  SiC  fibers  are  greatly  flattened  in  this  direction, 
creating  cells  about  200  |xm  wide.  Note  that  the  width  of  the 
graphite  cell  boundaries  are  exaggerated  by  this  flattening  and 
the  preferential  polishing  of  the  soft  graphite.  A  view  transverse 
to  the  hot-pressing  direction.  Fig.  4(B),  shows  that  the  cells  are 
about  65  |jLm  wide  in  this  dimension.  The  cell  lengths  vary  from 
a  few  hundred  micrometers  to  several  millimeters.  The  end-on 
view  of  uniaxially  aligned  SiC/graphite  is  presented  in  Fig. 
4(C).  The  cross  section  of  a  pellet  that  was  prepared  with  ran¬ 
domly  oriented  finely  chopped  fibers  is  shown  in  Fig.  5.  The 
average  width  of  the  cells  is  again  about  60  |xm  but  the  cell 
length  varies  from  only  200  to  600  |xm.  The  graphite  cell 
boundary  varies  from  1  to  10  pirn  in  thickness. 

For  other  fibrous  monolith  systems,  the  microstructural 
dimensions  are  slightly  different.  The  cell  widths  depended  on 
how  much  draw  could  be  obtained  during  dry  spinning,  and  cell 
boundary  thickness  was  controlled  by  coating  thickness.  The 
relevant  dimensions  are  mentioned  in  Section  III. 

Melt-spun  green  fibers  produce  fibrous  monoliths  with  a 
more  uniform  network  of  cells  and  cell  boundaries,  a  conse¬ 
quence  of  the  constant  diameter  of  melt-spun  green  fibers.  Also, 
the  average  cell  diameter  is  larger,  a  consequence  of  the  larger 
fiber  diameters  obtained  with  our  current  melt-spinning  poly¬ 
mer  formulation  and  spinnerette  size.  Figure  6  shows  an  end-on 
view  of  a  uniaxially  aligned  silicon  nitride/BN  fibrous  monolith 
prepared  from  melt-spun  fibers,  containing  about  10  vol^ 
boron  nitride.  The  cells  are  ^165  by  ^360  jjim  in  size. 

III.  Microstructural  Effects  on  Indentation  Behavior 

Vickers  indentations'  on  the  surface  give  rise  to  complex 
crack  patterns.  The  size  of  the  indentations  are  similar  to  the 


All  indentation  work  was  done  with  a  Vickers  diamond  on  a  Zwick  machine 
(Zwick  of  America.  Inc..  E.  Windsor.  CT )  with  3()-s  residence  time. 


cell  size,  so  the  fibrous  monoliths  are  quite  heterogeneous  on 
the  scale  of  the  indentation.  Conventional  radial/median 
cracks'^  do  not  alw'ays  form,  so  indentation  methods  cannot  be 
used  to  measure  fracture  toughness.  Nonetheless,  crack  patterns 
from  indentations  serve  to  illustrate  how  cracks  interact  with 
the  cells  and  cell  boundaries.  Indentation  behavior  was  studied 
on  randomly  oriented  chopped  fiber  monoliths  for  all  systems 
except  for  the  Ce-TZP/alumina  and  Si^N^BN  systems  for 
which  aligned-fiber  samples  were  used.  All  indentation  work 
shown  in  this  study  was  done  on  cross-sectional  surfaces  paral¬ 
lel  to  the  hot-pressing  direction. 

(1)  SiC /Graphite  and  Siji  /BN 

In  the  weak  interface  fibrous  monoliths,  indentation  damage 
is  shown  in  Fig.  7(A),  which  is  an  SEM  micrograph  of  a  50-N 
Vickers  indentation.  In  this  orientation,  the  cells  are  relatively 
narrow,  but  deep.  Indentation  causes  cells  to  spall.  The  stress 
field  around  indentations  causes  subsurface  lateral  cracks;'^  the 
dislodgement  of  intact  cells  can  be  facilitated  by  lateral  cracks 
along  weak  cell  boundaries.  The  higher-magnification  micro¬ 
graph  in  Fig.  7(B)  of  the  same  indentation  shows  that  long 
radial  cracks  do  not  emanate  from  the  indentation  comer. 
Instead,  some  cells  are  partially  cracked  and  graphite  is 
extruded  from  the  cell  boundaries.  At  lower  loads,  where  the 
indentation  is  smaller  than  the  cell  size,  radial  cracks  are  con¬ 
fined  to  a  single  cell,  and  tend  to  arrest  at  the  cell  boundary.  This 
is  illustrated  in  Fig.  7(C)  for  an  8-N  indent,  where  radial  cracks 
running  up  and  down  do  not  propagate  past  the  cell  boundaries. 
On  surfaces  normal  to  the  hot-pressing  direction,  the  cells  are 
wide  but  shallow;  indentation  behavior  is  similar  except  there  is 
a  greater  tendency  to  spall.  Silicon  nitride/BN  fibrous  mono¬ 
liths  behave  similarly.  Silicon  nitride  cells  spall  but  BN  does 
not  appear  to  extrude  from  the  cell  boundaries. 

(2)  Alumina  /Alumina-Zirconia 

A  series  of  specimens  was  fabricated  in  an  attempt  to  develop 
a  microcracked  cell  boundary  containing  alumina  and  unstabi¬ 
lized  zirconia.  The  amount  of  unstabilized  zirconia  in  the  cell 
boundary  was  either  20.  35,  or  50  vol%.  These  compositions 
were  simply  cho.sen  on  the  basis  of  Claussen’s  pressure 
zones~-^^  in  duplex  structures.  The  cell  width  was  ^40  |xm  (nor¬ 
mal  to  the  pressing  direction)  and  the  cell  length  varied  from 
100  to  300  p.m.  The  cell  boundary  thickness  ranged  from  «=3  to 
=^20  jjim.  The  sample  with  a  cell  boundary  containing  50  vol% 
ZrO.  cracked  on  cooling  from  the  hot-pressing  temperature. 
Clearly  there  was  too  much  residual  stress  and  microcracking  to 
maintain  sample  integrity.  Samples  where  the  cell  boundaries 
contained  20  or  35  vol%  Zr02  were  sound.  In  system  5,  with 
cell  boundaries  containing  35  vol%  unstabilized  zirconia.  X-ray 
diffraction  of  a  polished  surface  showed  that  a  significant 
amount  of  tetragonal  zirconia  (^58  vol%;  ^42  voI%  was 
monoclinic'*^)  was  present.  The  tetragonal  phase  reflects  contri¬ 
butions  from  both  the  4  vol%  3Y-TZP  in  the  cells  and  the  unsta¬ 
bilized  tetragonal  zirconia  retained  in  the  cell  boundaries.  When 
indentations  (400-N  load)  were  oriented  such  that  indent  diago¬ 
nals  were  parallel  and  perpendicular  to  the  pressing  direction, 
cracks  normal  to  the  pressing  direction  preferred  to  grow  along 
the  “weak"  cell  boundaries.  But  cracks  parallel  to  the  pressing 
direction  were  unaffected  by  cell  boundaries.  When  indenta¬ 
tions  were  oriented  such  that  the  radial  crack  directions  were 
inclined  at  45°  to  the  pressing  direction,  cells  were  observed  to 
spall.  Cracks  from  the  indentations  were  not  symmetric  and 
showed  some  tendency  to  propagate  along  cell  boundaries  (see 
Fig.  8). 

(3)  Alumina /Aluminum  Titanate 

The  alumina-aluminum  titanate  fibrous  monolith,  system  4, 
had  cell  widths  of  39-^0  |xm  (normal  to  the  pressing  direction) 
and  cell  lengths  of  150-300  fxm.  Cell  boundary  thickness  was 
5-10  |jim.  X-ray  diffraction  confirmed  that  all  the  titania  from 
the  alumina  +  titania  cell  boundaries  had  fully  reacted  to  form 
AKTiOs.  The  grain  size  in  the  cell  boundary  was  2-4  pim. 
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(A) 


(B) 


(C) 


Fig.  7.  SEM  micrographs  of  indentation  crack  patterns  in  a  SiC/graphite  fibrous  monolith.  Indentation  load  was  50  N  in  (A)  and  (B)  and  8  N  in  (C). 


Extensive  microcracking  is  known  to  occur  at  grain  sizes  of  3- 
4  |xm  in  single-phase  polycrystalline  AUTiOs.^^ 

Figure  9  shows  a  typical  radial/median  indentation  crack  run¬ 
ning  through  an  aluminum  titanate  cell  boundary.  No  signifi¬ 
cant  crack  deflections  or  spalling  were  observed  at  these 
aluminum  titanate  cell  boundaries  with  various  indentation 
loads  and  orientations.  We  conclude  that  this  multiphase  layout 
with  these  particular  microstructural  dimensions  does  not  gen¬ 
erate  large  stress  fields  to  affect  indentation  cracking  in  this 
system. 

(4)  Ce-TZP/ Alumina  +  Ce-Zirconia 
The  Ce-TZP/alumina-Ce-zirconia  system  aligned-fiber 
monolith  consisted  of  Ce-TZP  cells  ^50-100  }xm  in  width 
(normal  to  the  pressing  direction),  with  alumina-Ce-zirconia 
cell  boundaries  "^10—50  iJim  in  thickness.  From  density  mea¬ 
surements,  we  infer  that  the  material  consists  of  75  vol% 


Ce-zirconia  +  25  voI%  alumina,  but  fabricated  as  a  fibrous 
monolith  with  pure  Ce-TZP  cells,  and  cell  boundaries  with  a 
composition  of  50  vol%  Ce-zirconia  +  50  vol%  alumina.  Thus 
the  cells  occupy  50  vol%  of  the  material,  and  the  cell  bound¬ 
aries  occupy  50%. 

An  optical  micrograph  (Nomarski  interference)  of  a  200-N 
indentation  in  this  system  is  shown  in  Fig.  10.  The  bright 
regions  in  the  Ce-TZP  cells  near  (especially  above)  the  indenta¬ 
tion  show  the  uplift  of  transformed  regions,  indicating  that 
transformation  zone  shapes  can  be  modified  by  adopting  this 
microstructural  design.  Compared  to  the  colloidally  fabricated 
Ce-TZP/alumina  laminates, there  is  less  uniformity  in  micro- 
structural  dimensions  in  the  fibrous  monolith.  The  shape  of  the 
indentation  and  the  asymmetric  nature  of  the  transformation 
zone  uplift  reflect  the  nonuniformity  in  cell/cell  boundary 
dimensions  and  cell  depth  beneath  the  surface.  However,  there 


Fig.  8.  Indentation  fracture  in  an  alumina/(alumina  +  zirconia) 
fibrous  monolith.  Viewed  normal  to  the  hot-pressing  direction.  Indenta¬ 
tion  (400-N  load)  diagonals  oriented  at  45°  to  the  hot-pressing  direc¬ 
tion.  Arrows  indicate  cracks  from  the  indentation.  The  cell  boundaries 
appear  bright  in  the  SEM  micrograph. 


Fig.  9.  SEM  micrograph  showing  indentation  crack  (100-N  load) 
intersecting  an  aluminum  titanate  cell  boundary  in  an  alumina  (A)/alu- 
minum  titanate  (AT)  sample. 
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Fig.  10.  Optical  micrograph  (Nomarski  interference)  of  a  2(X)*N 
indentation  in  an  aligned-fiber  Ce-TZP/alumina-Ce-zirconia  sample. 
Viewed  normal  to  the  hot-pressing  direction.  Z  =  Ce-TZP,  A  =  alu¬ 
mina  +  Ce-zirconia. 


is  clearly  potential  for  developing  tough  Ce-TZP/alumina 
fibrous  monoliths. 

( 5)  Alumina  /Nickel 

Some  preliminary  experiments  show  that  it  is  feasible  to  pro¬ 
duce  a  fibrous  monolith  with  ductile  phase  cell  boundaries. 
Figure  11(A)  shows  the  polished  surface,  viewed  in  the  hot- 
pressing  direction,  of  an  alumina/Ni  fibrous  monolith,  system  6. 
The  cell  widths  were  again  about  200  fxm  viewed  in  the  press¬ 
ing  direction  and  40-60  p.m  normal  to  the  pressing  direction. 
This  specimen  was  a  random  compacted  felt.  It  was  difficult  to 
polish  this  specimen,  and  the  amount  of  Ni  is  greatly  exagger¬ 
ated  by  polishing  artifacts.  Density  measurements  indicate  that 
the  actual  volume  fraction  of  nickel  is  only  about  3%.  This  is 
consistent  with  the  appearance  of  the  fracture  surface  of  a  bro¬ 
ken  pellet  (Fig.  1 1  (B)).  In  the  central  part  of  Fig.  1 1(B),  where 


the  alumina  cells  are  oriented  horizontally,  the  nickel  can  be 
seen  to  consist  of  thin  ribbons  between  the  polycrystalline  alu¬ 
mina  cells.  The  ductility  of  the  nickel  and  its  weak  adhesion  to 
the  alumina  are  indicated  by  the  peeled-off  nickel  ribbons.  The 
data  of  Tuan  and  Brook^^^  for  particulate  alumina-Ni  show  a  sig¬ 
nificant  toughening  increment  with  Ni  additions.  Improved 
toughness  and  noncatastrophic  fracture  behavior  in  alumina-Ni 
fibrous  monoliths  will  be  reported  in  a  subsequent  paper.  Inden¬ 
tation  behavior  in  this  system  was  not  studied. 


IV.  Flexural  Strength  of  SiC/Graphite 

Strengths  were  measured  for  the  SiC/graphite  system  with 
aligned  fibers  using  ^3  mm  X  4  mm  X  47  mm  specimens 
tested  in  four-point  bending  with  a  20-mm  inner  span  and 
40-mm  outer  span  at  a  crosshead  speed  of  0.05  mm/min.  Speci¬ 
mens  had  been  machined  and  chamfered  with  a  1000-grit  resin- 
bonded  diamond  wheel,  with  the  machining  direction  along  the 
axis  of  the  bar. 

The  SiC/graphite  fibrous  monoliths  showed  unusual  and 
potentially  useful  fracture  behavior.  Failure  in  flexure  occurred 
in  a  noncatastrophic  manner.  A  typical  load-deflection  curve 
for  this  system  is  shown  in  Fig.  12(A),  The  fibrous  monolith 
behaves  like  a  typical  monolithic  ceramic  until  a  stress  of  ««220 
MPa  is  reached  at  the  tensile  surface,  beyond  which  the  load 
drops  in  a  gradual  manner.  Load  drops  were  accompanied  by 
shear  de lamination  along  the  graphitic  cell  boundaries  which 
were  parallel  to  the  tensile  surface.  The  bar  specimen  was 
removed  when  the  load  was  less  than  30  N,  and  pulled  apart  by 
hand.  The  fracture  surface  is  shown  in  Fig.  12(B).  The  terraced 
appearance  reflects  the  deflection  of  the  crack  path  at  each  suc¬ 
cessive  cell  boundary  and  delamination  along  the  cell  bound¬ 
aries.  The  apparent  work-of-fracture  evaluated  from  the  load 
deflection  curve  was  *=^1450  J/ml  The  work-of-fracture  mea¬ 
sured  for  fibrous  materials  will  depend  on  the  loading  configu¬ 
ration^'  and  specimen  dimensions,  but  the  calculated  value 
demonstrates  the  high  toughness  possible  in  weak  interface 
fibrous  monolithic  ceramic  systems.  The  fracture  behavior  of 
SiC/graphite  fibrous  monoliths  is  presented  in  detail 
elsewhere." 


Fig.  11.  (A)  Optical  micrograph  of  a  polished  surface  of  an  alumina/Ni  fibrous  monolith  viewed  in  the  hot-pressing  direction.  (B)  SEM  micrograph 
of  a  fracture  surface  of  an  alumina/Ni  fibrous  monolith.  Peeled-off  nickel  ribbons  indicated  by  arrows. 
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Fig.  12.  (A)  Load-<ieflection  curve  for  a  SiC/graphite  fibrous  mono¬ 

lith  bend  specimen  prepared  with  aligned  fibers.  (B)  Fracture  surface  of 
the  sample.  The  compressive  side  of  the  bar  specimen  is  visible  in  the 
lower  part  of  the  SEM  micrograph. 


V.  Conclusion 

We  have  demonstrated  the  fabrication  of  dense  fibrous 
monolithic  ceramics  from  coated  ceramic  green  fiber  to  create 
microstruciures  with  high  aspect  ratio  polycrysialline  cells  sep¬ 
arated  by  thin  cell  boundaries  to  improve  the  mechanical  prop¬ 
erties.  A  variety  of  ceramic  systems  have  been  fabricated  in 
fibrous  monolith  form,  demonstrating  the  versatility  of  this  pro¬ 
cessing  route/microstructural  design.  Indentation  fracture  in 
these  materials  is  complex  as  would  be  expected  in  a  dual-phase 
microstructure,  with  dimensions  comparable  to  the  indentation. 

Our  results  indicate  that  weak-interface  fibrous  monoliths 
such  as  SiC/graphite  or  Si^Nj/BN  have  potential  as  damage-tol¬ 
erant  materials.  In  these  materials,  controlled  damage  around 
indentations  prevents  the  formation  of  long  radial  cracks.  Also, 
preferential  crack  propagation  along  the  graphitic  cell  bound¬ 


aries,  which  act  as  weak  interfaces,  leads  to  noncatastrophic 
failure  by  shear  delamination  in  SiC/graphite,  a  behavior  simi¬ 
lar  to  ceramic-matrix  composites  reinforced  by  high-strength 
fibers. 

Several  oxide-based  fibrous  monoliths  are  also  promising. 
Indentation  of  alumina/alumina-zirconia  fibrous  monoliths 
results  in  complex  crack  patterns  and  spalling  in  some  orienta¬ 
tions.  Potential  also  exists  for  developing  useful  Ce-TZP/alu- 
mina  fibrous  monoliths.  Transformed  regions  near  indentations 
are  altered  by  the  alumina-containing  cell  boundaries.  Fibrous 
monoliths  were  also  fabricated  in  the  alumina/aluminum 
titanate  and  alumina/nickel  systems.  Further  work  is  required 
to  establish  whether  suitably  engineered  aluminum  titanate 
cell  boundaries  can  be  useful.  With  higher  amounts  of  nickel, 
the  fibrous  monolith  approach  offers  a  convenient  method  of 
fabricating  textured  ceramics  containing  ductile,  metallic 
interphases. 

Acknowledgments:  We  thank  Timothy  Fretter  and  Lynne  Svedberg  for 
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The  fibrous  monolith  microstructure  consists  of  high  aspect 
ratio  polycrystalline  cells  of  SiC  separated  by  thin  cell 
boundaries  containing  graphite.  The  SiC/100%  graphite 
fibrous  monolith  has  noncatastrophic  fracture  behavior,  is 
damage  tolerant,  and  is  notch  insensitive.  The  failure  pro¬ 
cess  is  characterized  by  fracture  along  weak  graphite  cell 
boundaries.  The  room-temperature  flexural  strength  is 
300-350  MPa.  The  estimated  shear  strength  along  the 
graphite  cell  boundaries  is  »15  MPa.  Increasing  the 
strength  of  the  cell  boundary  by  additions  of  SiC  (40-60 
vol%)  results  in  a  monolithic  SiC  material  showing  brittle 
fracture  behavior  but  retaining  damage  tolerance.  Strength 
and  fracture  behavior  are  also  influenced  by  cell  texture 
and  orientation. 

I.  Introduction 

SIGNIFICANT  improvements  in  the  mechanical  properties  of 
ceramic  materials  are  obtained  by  microstructural  design 
that  promotes  interactions  of  cracks  with  various  microstruc¬ 
tural  features.  Ceramics  with  duplex  compositions  have  been 
shown  to  be  flaw  tolerant  with  /?-curve  behavior.'  Laminar 
structures  have  been  designed  with  useful  characteristics  like 
high  work-of-fracture  and  graceful  failure.^ These  microstruc¬ 
tural  designs  and  others  can  be  created  within  a  ceramic  with 
additional  spatial/dimensional  control  using  the  “fibrous  mono¬ 
lith”  processing  approach  introduced  by  Coblenz."*  Fibrous 
monoliths  are  sintered  (or  hot-pressed)  monolithic  ceramics 
with  a  distinct  fibrous  texture,  consisting  of  intertwined  cells  of 
a  primary  phase,  separated  by  cell  boundaries  of  a  tailored  sec¬ 
ondary  phase.  In  a  previous  paper,*^  the  fabrication  procedure, 
microstructure,  indentation  fracture,  and  preliminary  mechani¬ 
cal  properties  were  described  for  several  fibrous  monolithic 
ceramic  systems.  The  microstructure  is  derived  from  a  coated 
green  fiber  process  whereby  continuous  green  fiber  containing 
the  primary  phase  is  coated  with  a  slurry  of  the  secondary 
phase.  The  coated  fibers  are  pressed  and  fired,  resulting  in  a 
monolithic  ceramic  with  a  fibrous  microstructure. 

The  SiC/graphite  system  is  an  example  of  a  w^eak  intejface 
fibrous  monolith  where  the  graphitic  cell  boundary  phase  acts  as 
the  preferred  path  for  crack  propagation.  Weak  interfaces  can 
deflect  cracks^  or  delaminate  in  shear,  thereby  increasing 
“toughness”  and  preventing  brittle  fracture.  The  high  strain  to 
failure  and  toughness  of  brittle  ceramic  matrices  reinforced 
with  high-strength  fibers  are  a  consequence  of  the  weak  bond¬ 
ing  between  the  fibers  and  the  matrix.’ 

In  this  paper,  the  fracture  behavior  of  fibrous  monoliths  in  the 
SiC/graphite  system  is  described.  The  primary  cell  phase  is 
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polycrystalline  SiC.  The  strength  of  the  interfacial  layer  is  con¬ 
trolled  by  adjusting  the  composition  of  the  cell  boundary  from 
SiC  to  graphite.  Strength  is  evaluated  in  flexure,  and  damage 
tolerance  assessed  by  the  strength  of  indented  bar  specimens. 
Notched  beam  tests  are  used  to  estimate  fracture  toughness. 

II.  Experimental  Procedure 

Green  SiC  fibers  were  prepared  by  dry  spinning  of  an  ethyl 
methacrylate/methyl  ethyl  ketone  polymer  solution  loaded  with 
ceramic  powder.  The  starting  material  was  P-SiC  powder  (BIO, 
Hermann  C.  Starck,  Inc.,  New  York,  NY)  without  sintering 
aids.  Yttria  (Johnson  Matthey  Co.,  Ward  Hill,  MA)  and  alumina 
(RC-HP  DBM  Malakoff  Industries,  Malakoff,  TX)  were  added 
as  sintering  aids.  The  weight  ratio  of  SiCiyttriaralumina  was 
90:4:6.  The  volume  ratio  of  ceramic  to  polymer  was  55:45. 

The  graphite  coating  slurry  was  prepared  by  diluting  an  aque¬ 
ous  graphite  slurry  (Aquadag,  Acheson  Colloid,  Port  Huron, 
MI)  containing  a  proprietary  binder  with  2-propanoI  to  *==^3 
vol%.  The  silicon  carbide  coating  slurry  was  prepared  by  mill¬ 
ing  SiC  powder  with  yttria  and  alumina  in  80  wt%  2-propanol/ 
20  wt%  distilled  water,  and  subsequently  adding  some  binder 
(Carbowax  PEG  4000,  Fisher  Scientific  Co.,  Fairlawn,  NJ)  to 
decrease  settling  and  improve  the  coating  properties.  The  pow¬ 
der  solids  loading  was  «==3  vol%.  Coating  compositions  con¬ 
taining  various  amounts  of  SiC  to  graphite  (from  20:80  to 
80:20)  were  prepared  by  mixtures  of  the  graphite  slurry  and  the 
milled  SiC  slurry  in  the  appropriate  ratios.  The  fiber  was  run 
through  the  coating  bath  immediately  upon  extrusion  and  col¬ 
lected  on  a  spool. 

The  coated  fibers  were  trimmed  to  «=^51  mm,  loaded  in  a 
graphite  die  (26  mm  X  52  mm),  and  pressed  at  =«80°C  using  5 
MPa  pressure.  This  collapsed  the  fibers  and  consolidated  the 
material  into  a  green  monolithic  billet.  After  binder  removal 
between  200°  and  600°C,  the  billet  was  hot-pressed  at  1900°C 
in  static  argon  for  1  h  at  25  MPa.  Most  billets  were  prepared 
with  green  fibers  aligned  in  the  long  direction  in  the  die.  A  sin¬ 
gle  billet  was  prepared  with  finely  chopped  (lengths  <4  mm) 
randomly  oriented  fibers  with  100%  graphite  as  the  fiber  coat¬ 
ing.  In  this  case,  the  chopped  fibers  were  simply  poured  into 
the  die  and  pressed.  The  thickness  of  hot-pressed  billets 
was  *=*4.3  mm. 

Billets  with  aligned  fibers  containing  100%  graphite  as  the 
cell  boundary  were  machined  into  bar  specimens  4  mm  wide 
and  48  mm  long  with  thickness  ranging  from  1  to  4  mm.  All 
bars  were  machined  and  chamfered  with  a  1000-grit  resin- 
bonded  diamond  wheel,  with  the  grinding  direction  parallel  to 
the  length  of  the  specimen.  The  tensile  surface  was  normal  to 
the  hot-pressing  direction.  Flexural  strength  was  measured 
using  a  fully  articulated  four-point  bend  fixture  with  a  20-mm 
inner  span  and  a  40-mm  outer  span  at  a  crosshead  speed  of  0.05 
mm/min.  The  range  in  specimen  thickness  provided  span-to- 
depth  ratios  from  2.5  to  10.  The  stress  values  were  evaluated 
from  elastic  beam  equations. 

Five  bars  (3-mm  thickness  X  4-mm  width  X  *=«48-mm 
length)  were  machined  from  billets  corresponding  to  each  cell 
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boundary  composition.  The  tensile  surface  was  again  normal 
to  the  hot-pressing  direction.  Three  bar  specimens  correspond¬ 
ing  to  each  cell  boundary  composition  were  tested  in  the 
as-machined  condition.  The  tension  surfaces  of  the  remaining 
two  specimens  from  each  composition  were  polished,  indented 
with  a  iOO-N  load  (Vickers  indenter,  Zwick  of  America,  Inc., 
E.  Windsor,  CT),  and  tested  in  flexure.  An  identical  procedure 
was  also  followed  with  the  billet  containing  chopped  fibers  with 
100%  graphite  as  the  cell  boundary. 

To  determine  the  effect  of  texture  from  uniaxial  hot  pressing, 
three  bar  specimens  (^3  mm  X  4  mm  X  48  mm)  were 
machined  from  a  SiC/100%  graphite  billet  containing  aligned 
fibers,  such  that  the  tensile  surface  was  parallel  to  the  hot-press¬ 
ing  direction,  and  then  tested  in  flexure. 

Five  bar  specimens  *«4.50  mm  X  2.25  mm  X  48  mm  in 
dimension  were  also  machined  from  a  SiC/100%  graphite  billet 
with  aligned  fibers.  These  specimens  were  notched  in  the  center 
of  the  tensile  face  of  the  specimen  with  a  270-p.m-thick  dia¬ 
mond  saw  to  a  notch/height  ratio  of  0.4  (notch  depth  of  1.8 
mm).  The  notch  tip  radius  was  ^165  p,m.  The  notched  beams 
were  tested  in  four-point  flexure  using  the  20/40  mm  fixture  at  a 
crosshead  speed  of  0.05  mm/min. 

The  side  and  tensile  surfaces  of  some  of  the  bar  specimens 
used  in  the  flexure  and  notch  beam  tests  were  polished  with  dia¬ 
mond  paste  to  observe  the  fracture  behavior  optically  during 
testing,  and  by  scanning  electron  microscopy  after  the  test. 
SEM  was  also  used  to  characterize  the  fracture  surfaces  of  the 
specimens. 

III.  Results  and  Discussion 

(1)  Microstructure 

The  microstructure  of  SiC/graphite  fibrous  monoliths  with 
aligned  fibers  is  illustrated  in  Fig.  1.  Flattened  SiC  cells  60~\00 
tim  thick  and  150-200  |xm  wide  are  separated  by  thin  cell 
boundaries.  The  cross  section  in  Fig.  1(C)  shows  cells  varying 
in  length  from  about  200  |xm  to  several  millimeters  in  the  long 
direction  of  the  billet.  Although  long  green  fibers  are  placed  in 
the  die,  the  forming  procedure  can  result  in  finite  cell  lengths. 
Green  fibers  can  fracture  or  bend,  and  also  may  not  lie  perfectly 
normal  to  the  pressing  direction  or  perfectly  parallel  to  the  long 
die  wall.  The  graphite  cell  boundaries  vary  in  thickness  from  1 
to  10  p,m,  indicating  some  nonuniformity  in  fiber  coating. 

The  total  graphite  content  of  the  SiC/100%  graphite  fibrous 
monolith  was  4  wt%,  as  determined  by  weight  loss  after  10-h 
oxidation  at  800°C  in  air.  Thermogravimetric  analysis  showed 
that  weight  loss  was  complete  after  1  h  at  700°C.  After  oxida¬ 
tion  of  the  cell  boundaries,  the  sample  was  essentially  loosely 
bonded  SiC  cells  which  could  be  crushed  by  hand.  The  density 
of  the  SiC/100%  graphite  fibrous  monolith  was  3.07  g/cm\  as 
measured  by  the  Archimedes  method.  There  was  negligible 
open  porosity.  The  polycrystalline  SiC  cells  were  seen  to  be 
pore-free  by  SEM.  We  can  infer  the  density  of  the  cells  by  com¬ 
parison  to  the  SiC/0%  graphite  fibrous  monolith  (i.e.,  hot- 
pressed  SiC  with  yttria  and  alumina),  which  was  3.20  g/cm^  By 
combining  this  information,  we  infer  that  the  polycrystalline 
cells  occupied  ^92  vol%,  with  the  cell  boundaries  occupying 
^8  vol%.  The  cell  boundaries  themselves  were  porous,  con¬ 
sisting  of  ^70  voI%  graphite  and  ^30  vol%  porosity.  The  cell 
phase  was  (3-SiC,  as  determined  by  X-ray  diffraction. 

(2)  Flexural  Strength  Behavior  of  SiC / 1 00%  Graphite 

The  load-deflection  curve  for  a  SiC/100%  graphite  flexure 

specimen  of  dimensions  3  mm  X  4  mm  X  48  mm,  machined 
with  the  tension  side  (4  mm  wide)  normal  to  the  pressing  direc¬ 
tion,  is  shown  in  Fig.  2(A).  The  apparent  tensile  stress  on  the 
surface  increased  linearly  to  a  maximum  value,  followed  by  a 
gradual  load  decrease.  The  maximum  flexural  stress  on  the  ten¬ 
sion  side  was  215  MPa.  Load  drops  were  accompanied  by  shear 
cracking  along  the  midplane  of  the  specimen  between  the  inner 
and  outer  loading  points.  Examination  of  the  specimen  after 


several  load  drops  after  deflection  of  ^  150  |jLm  showed  that  the 
shear  crack  had  extended  along  cell  boundaries  from  the  inner 
loading  point  to  the  edge  of  the  specimen.  The  beam  after 
unloading  did  not  show  any  curvature  or  permanent  strain. 
Reloading  the  specimen  showed  that  the  compliance  of  the 
specimen  had  increased.  Further  crosshead  displacement 
resulted  in  extensive  delaminations,  and  ultimately  cracking 
below  the  inner  loading  point  through  the  thickness  of  the 
beam.  The  side  surface  of  the  bent  specimen  is  shown  in  Fig. 
2(B). 

The  flexural  behavior  depends  upon  specimen  thickness.  For 
example,  the  load-deflection  curve  for  a  SiC/ 100%  graphite 
specimen  with  a  thickness  of  1.2  mm  is  shown  in  Fig.  3.  The 
maximum  flexural  stress  was  322  MPa.  Again,  a  linear  increase 
in  stress  to  the  maximum  value  was  followed  by  a  gradual  load 
decrease.  Examination  of  specimens  after  testing  showed  that 
fracture  originated  at  or  near  the  tensile  surface  between  the 
inner  loading  points,  but  was  then  followed  by  shear  fracture 
almost  parallel  to  the  surface  along  the  graphite  cell  boundaries. 
The  splintered  fracture  morphology  is  illustrated  in  SEM  photo¬ 
micrographs  of  the  side  and  tensile  surfaces  of  a  specimen  after 
test  (Figs.  4(A)  and  (B)).  Fracture  cells  are  visible  on  the  ten¬ 
sion  side. 

The  fracture  behavior  in  flexure  is  consistent  with  the  change 
in  ratio  of  the  shear  to  tensile  stress  with  decreasing  thickness. 
For  elastic  beam  conditions,  the  ratio  (a/x)  of  tensile  stress  on 
the  surface  to  shear  stress  in  the  midplane  between  the  inner  and 
outer  loading  points  is  equal  to  2(L  -  /)/r  where  L  and  /  are  the 
inner  and  outer  spans  of  the  bend  fixture  and  t  is  the  thickness  of 
the  specimen. (L  -  /)/2  is  the  separation  distance  between 
the  inner  and  outer  loading  points.  At  low  span-to-depth  ratios 
((L  —  l)/2t  <  5),  failure  occurs  when  the  shear  stress  reaches  a 
critical  value,  and  in  this  regime,  maximum  “flexural  strength” 
should  increase  linearly  with  the  inverse  of  thickness.  The 
effect  of  specimen  thickness  on  apparent  flexural  strength  is 
shown  in  Fig.  5.  The  slope  of  the  best-fit  line  through  the  data 
points  at  low  span-to-depth  ratios  is  proportional  to  the  shear 
strength.  The  calculated  shear  strength  of  the  graphite  cell 
boundaries  normal  to  the  pressing  direction  is  15  MPa.  This 
estimate  of  the  shear  strength  falls  within  the  range  of  peak 
shear  strength  values  reported  for  carbon-rich  interfacial  layers 
in  tough  fiber-reinforced  ceramics.^  At  high  span-to-depth 
ratios  ((L  —  I)/2t  >  8),  fracture  initiates  at  the  tension  side,  and 
the  maximum  flexural  stress  is  not  a  function  of  thickness.  The 
average  flexural  strength  is  339  MPa. 

The  fracture  behavior  at  low  span-to-thickness  ratios  in  this 
fibrous  monolithic  system  is  identical  to  the  shear  failure 
observed  in  ceramic  matrices  reinforced  by  high-strength  fibers 
with  short  beam  geometry. But  at  high  span-to-depth  ratios, 
the  material  fails  like  wood,"  with  fracture  behavior  very  simi¬ 
lar  to  SiC-fiber-reinforced  glass  ceramic  at  high  temperatures 
where  higher  interfacial  shear  strength  decreases  fiber  pullout. 

(3)  Effect  of  Cell  Boundary  Composition 

The  low  shear  strength  of  the  graphite  cell  boundaries  pro¬ 
motes  delamination  resulting  in  noncatastrophic  failure.  The 
shear  strength  of  the  cell  boundaries  can  be  increased  by  adding 
SiC  (with  yttria  and  alumina)  to  the  graphite  in  the  fiber  coating. 
The  effect  of  cell  boundary  composition  on  average  flexural 
strength  of  SiC-based  fibrous  monoliths  is  shown  in  Fig.  6(A). 
The  apparent  work-of-fracture  calculated  from  the  area  under 
the  load-deflection  curve  and  the  specimen  cross-sectional  area 
is  plotted  in  Fig.  6(B)  as  a  function  of  cell  boundary 
composition. 

The  mean  flexural  strength  corresponding  to  the  100% 
graphite  cell  boundary  was  216  MPa,  with  strengths  ranging 
from  210  to  221  MPa.  The  actual  value  is  not  meaningful  for 
this  composition  since  failure  for  the  sample  dimensions  used  in 
this  experiment  is  dictated  only  by  the  shear  strength  of  the  cell 
boundary.  However,  the  value  is  useful  for  comparison  with  the 
average  strength  of  indented  samples  which  was  almost  90%  of 
the  unindented  strength.  Indentation  simply  results  in  spalling 
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Fig.  1.  Microstnicture  of  SiC/graphite  fibrous  monolith  prepared  with  aligned  green  fibers.  The  graphite  cell  boundaries  appear  bright  in  the  SEM 
micrographs. 


of  cells,  and  extrusion  of  graphite  from  the  cell  boundaries.^ 
Failure  does  not  occur  from  the  indentation,  but  from  shear 
cracking.  As  the  flexural  stress  is  not  indentation  sensitive,  this 
cell/cell*boundary  combination  is  considered  damage  tolerant. 

As  noted  earlier,  the  samples  with  100%  graphite  at  the  cell 
boundaries  display  graceful  failure,  and  the  apparent  work-of- 
fracture  is  ^1300  j/m%  which  is  substantially  higher  than  the 
work-of-fracture  of  <  100  J/m"  expected  for  polycrystalline  SiC 
toughened  with  additions  of  yttria  and  alumina.'^  The  calcu¬ 
lated  work-of-fracture  will  vary  with  specimen  thickness  and 
loading  configuration,’^’  but  is  used  here  for  comparison  with 
other  compositions  for  the  same  thickness. 

A  bar  specimen  with  cell  boundries  of  100%  graphite  was 
pulled  apart  by  hand  after  the  test.  The  fracture  surface  is  shown 
in  Fig.  7(A).  The  terraced  topography  in  the  tensile  half  of  the 
specimen  shows  the  preferential  crack  growth  along  the  graph¬ 
ite  cell  boundaries  which  appear  bright  in  the  SEM  micrograph. 

Samples  with  cell  boundaries  containing  80  voI%  graphite/ 
20  vol%  SiC  behaved  in  a  similar  manner,  with  graceful  failure, 
and  slightly  higher  average  strength  (234  MPa)  and  also  very 
little  decrease  in  strength  on  indentation.  Failure  again  occurred 
by  shear  cracking,  with  the  higher  flexural  strength  implying  a 
slight  increase  in  the  cell  boundary  shear  strength  over  that  of 
pure  graphite.  The  apparent  work-of-fracture  was  correspond¬ 
ingly  lower  at  *=«  1000  J/m‘.  The  surface  of  a  fractured  specimen 
is  also  terraced  as  shown  in  Fig.  7(B). 

When  the  graphite  content  in  the  cell  boundary  was 
decreased  to  60  vol%  (40  vol%  SiC),  failure  occurred  in  a  brit¬ 
tle  manner  with  the  load  dropping  to  zero.  The  average  flexural 
strength  of  the  three  samples  was  =^355  MPa.  Two  of  the  three 
samples  with  the  higher  strengths  broke  in  two,  but  the  third 
specimen  with  the  lowest  strength  remained  intact  with  some 
load-bearing  ability.  The  SEM  photomicrograph  in  Fig.  8  of  the 
side  surface  of  this  specimen  shows  the  fracture  originating  on 


the  tension  side,  with  shear  fracture  occurring  beyond  the  neu¬ 
tral  plane.  The  fracture  surface  of  a  broken  specimen  in  Fig. 
7(C)  shows  considerable  topography,  but  noticeably  less  than 
samples  containing  80%  and  100%  graphite  at  the  cell  bound¬ 
aries.  The  indented  strength  was  lower  (285  MPa)  but  was  still 
80%  of  the  unindented  strength,  indicating  considerable  dam¬ 
age  tolerance.  The  work-of-fracture  is  assumed  to  be  close  to 
that  of  polycrystalline  SiC. 

With  only  40  vol%  graphite  in  the  cell  boundary,  the  bars 
were  brittle  but  with  slightly  higher  average  strength  of  383 
MPa.  The  fracture  surface  of  the  specimen  in  Fig.  7(D)  is  much 
smoother,  with  some  evidence  of  stepped  fracture  at  cell  bound¬ 
aries.  The  indented  strength  was  80%  of  the  original  strength. 
Cell  boundaries  with  only  40%  graphite  appear  to  be  effective 
in  limiting  indentation  damage  and  making  the  sample  flaw  tol¬ 
erant.  It  is  useful  to  point  out  here  that  although  a  statistically 
small  sample  of  two  bars  was  indented  for  each  composition, 
the  two  values  did  not  differ  by  more  than  3%  for  compositions 
containing  greater  than  20  vol%  graphite. 

When  the  cell  boundary  composition  is  20  vol%  graphite/80 
vol%  SiC,  strength  is  much  higher  (average  a  =  480  MPa,  with 
strengths  ranging  from  438  to  532  MPa),  and  fracture  is  brittle 
and  relatively  featureless  near  the  tensile  surface  (see  Fig. 
7(E)).  Shear  lips  at  the  cell  boundaries  are  evident  only  from  the 
neutral  axis  about  1.5  mm  from  the  top  edge.  The  average 
indented  strength  is  only  ^50%  of  the  average  unindented 
strength.  The  strength  loss  is  significant  but  still  better  than 
polycrystalline  SiC. 

With  100%  SiC  (no  graphite)  at  the  cell  boundary,  the  mate¬ 
rial  is  simply  polycrystalline  SiC  densified  with  yttria  and  alu¬ 
mina,  with  no  remnant  texture  from  the  green  fibers.  Average 
four-point  bend  strength  is  640  MPa  (with  strengths  ranging 
from  566  to  704  MPa),  with  brittle  fracture  and  poor  flaw  toler¬ 
ance.  The  indented  strength  values  were  162  and  175  MPa.  The 
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Deflection  (^m) 


Fig.  2.  (A)  Load-deflection  curve  for  SiC/graphite  flexure  specimen  of  3-mm  thickness.  (B)  Side  surface  of  bent  specimen  after  lest:  inner  loading 

point  indicated  by  arrow,  outer  loading  point  outside  and  to  the  left  of  field  of  view. 


unindented  specimens  broke  into  several  pieces  on  testing,  and 
no  fractography  was  done. 

(4)  Effect  of  A  nisotropy  and  Fiber  A  lign  ment 

It  is  evident  from  the  micrographs  in  Fig.  1  that  significant 
texture  is  present  in  these  billets  due  to  the  forming  process. 
The  cross  section  of  a  billet  normal  to  the  fiber  direction  con¬ 
sists  of  flattened  cells  with  graphite  cell  boundaries.  The  flex¬ 
ural  strength  behavior  presented  in  Section  111(2)  has 


Fig.  3.  Load-deflection  curve  for  SiC/graphite  flexure  specimen  with 
thickness  of  1.2  mm. 


demonstrated  that  graphite  cell  boundaries  normal  to  the  press¬ 
ing  direction  are  weak,  resulting  in  shear  failure  for  low  (3  to  5) 
span-to-depth  ratios. 

The  fracture  behavior  is  markedly  different  for  bar  specimens 
machined  in  the  transverse  direction  with  the  tension  side  paral¬ 
lel  to  the  pressing  direction,  and  tested  at  a  low  (3.3)  span-to- 
depth  ratio.  The  average  strength  of  three  bars  was  303  MPa, 
with  strengths  ranging  from  283  to  313  MPa.  A  linear  increase 
to  the  maximum  stress  value  was  followed  by  a  significant  load 
drop.  The  specimens  remained  intact  with  some  load-bearing 
ability.  Failure  originated  at  the  tensile  surface.  Good 
agreement  is  observed  between  the  measured  strength  of  303 
MPa  and  the  flexural  strength  of  the  bars  at  high  span-to-depth 
ratios  shown  in  Fig.  5. 

The  specimens  machined  in  the  transverse  direction  do  not 
fail  by  midplane  shear  cracking  as  was  expected  at  low  span-to- 
depth  ratios.  There  are  two  possible  reasons  for  this  fracture 
behavior.  It  is  possible  that  hot  pressing  results  in  crystallo¬ 
graphic  orientation  of  graphite  particles  in  cell  boundaries 
which  facilitates  shear  delamination  normal  to  the  pressing 
direction  but  not  along  the  planes  defined  by  the  cell  axis  and 
the  pressing  direction.  But,  more  likely,  the  inherent  texture  and 
layout  of  the  cell  boundaries  lead  to  differences  in  the  propen¬ 
sity  for  shear  fracture  between  the  two  orientations.  A  much 
greater  percentage  of  cell  boundary  segments  lie  normal  to 
rather  than  parallel  with  the  pressing  direction,  causing  shear 
cracking  only  when  the  specimen  neutral  plane  is  normal  to  the 
pressing  direction. 

The  strength  and  fracture  behavior  of  SiC/graphite  fibrous 
monoliths  is  also  influenced  by  the  method  of  green  fiber  layup 
in  the  die.  The  data  presented  so  far  were  obtained  with  fibers 
aligned  in  the  long  direction  of  the  billet.  The  microstructure 
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Fig.  4.  SEM  micrographs  of  side  (A)  and  tensile  (B)  surfaces  of  thin 
SiC/graphite  flexure  specimen  after  test.  Fractured  cells  on  the  tensile 
surface  are  indicated  by  arrows. 


vol%  Graphite  in  Cell  Boundary 


and  fracture  behavior  are  significantly  different  when  the  pre¬ 
form  is  made  from  randomly  oriented  green  chopped  fibers. 
This  die-filling  procedure  is  easier  than  aligning  fibers,  as  it 
simply  involves  pouring  the  chopped  fibers  into  the  die.  The 
side  surface  of  a  bar  specimen  with  chopped  fibers  after  testing 
is  shown  in  Fig,  9(A).  Fracture  initiates  at  the  tensile  surface, 


Fig.  5.  Apparent  flexural  strength  as  a  function  of  span  to  depth  ratio 
for  SiC/graphiie. 


Fig.  6.  Effect  of  cell  boundary  composition  on  (A)  maximum  flexural 
stress  and  (B)  apparent  work  of  fracture  of  SiC-based  fibrous 
monoliths. 


followed  by  crack  propagation  mostly  along  the  cell  bound¬ 
aries.  Average  flexural  strength  for  both  unindented  and 
indented  specimens  was  123  MPa.  Strengths  of  unindented 
samples  ranged  from  122  to  125  MPa.  The  randomly  oriented 
cell  architecture  results  in  some  cells  (and,  therefore,  cell 
boundaries)  being  oriented  normal  to  the  applied  stress.  This 
causes  failure  initiation  at  the  weak  cell  boundaries  on  the  ten¬ 
sion  side  as  shown  in  Fig.  9(B),  which  results  in  low  strengths. 
The  strength  simply  corresponds  to  the  low  off-axis  strength 
expected  in  a  billet  with  aligned  fibers.  Cracks  do  not  initiate 
from  indentations^  and  so  strength  remains  the  same  after 
indentation. 

(5)  Notched-Beam  Testing  of  SiCflOO%  Graphite 

The  load-deflection  behavior  of  a  notched  beam  of  the  SiC/ 
100%  graphite  fibrous  monolith  tested  in  four-point  flexure  is 
shown  in  Fig.  10(A).  The  load  increases  linearly  to  *^52  N  fol¬ 
lowed  by  a  nonlinear  increase  to  the  maximum  load  of  125  N. 
Observation  of  the  side  surface  of  a  notched  specimen  during 
the  test  did  not  show  evidence  of  cracks  at  the  first  sign  of  non¬ 
linearity.  But  it  is  quite  possible  damage  begins  to  occur  along 
cell  boundaries  in  the  interior  of  the  sample.  With  increasing 
load,  delamination  cracks  were  observed  to  nucleate  and  grow 
axially  from  the  tip  of  the  notch  on  the  surface.  The  side  surface 
of  a  notched  specimen  after  the  test  is  shown  in  Fig.  10(B). 
Delamination  cracking  has  occurred  through  the  thickness  of 
the  specimen  ahead  of  the  notch,  with  stepped  fracture  through 
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Fig.  8.  SEM  micrograph  of  side  surface  of  flexure  specimen  of  SiC/ 
60  vol%  graphite.  Fracture  initiates  on  the  tension  side  at  the  bottom. 


cells  connecting  the  delamination  cracks.  Fracture  behavior 
from  the  notch  is  similar  to  the  delamination  cracking  observed 
in  notch-insensitive  materials  like  wood"  and  ceramic  compos- 
ites  reinforced  with  high-strength  continuous  fibers.^  '®  ''^  Since 
extension  of  a  crack  in  a  direction  normal  to  the  applied  stress 


Fig.  9.  SEM  micrographs  showing  side  (A)  and  tensile  (B)  surfaces 
of  flexure  specimens  of  SiC/lOO^r  graphite  prepared  with  randomly 
oriented  chopped  fibers.  Arrow  indicates  graphite  cell  boundary  normal 
to  applied  stress  direction  on  the  tensile  surface. 


does  not  occur,  it  is  not  possible  to  obtain  a  Mode  I  fracture 
toughness. 


IV.  Conclusion 

High  work-of-fracture,  flaw  tolerance,  and  “graceful  failure” 
can  be  obtained  in  monolithic  SiC  with  the  fibrous  monolith 
design.  The  flexural  strength  and  fracture  behavior  in  the  SiC/ 
graphite  system  depend  on  a  wide  range  of  parameters. 
Depending  on  the  loading  configuration,  materials  can  fail  by 
shear  cracking  or  from  the  tensile  surface.  The  interfacial 
strength  significantly  affects  the  strength,  damage  tolerance, 
and  type  of  failure.  Variations  in  cell  boundary  composition 
alter  the  fracture  morphology.  Texture  and  fiber  orientation  also 
influence  the  fracture  behavior.  Low-strength  cell  boundaries 
cause  the  material  to  be  notch  insenstive  and  prevent  extension 
of  cracks  normal  to  the  applied  stress.  This  microstructural 
arrangement  shows  useful  properties  which  could  possibly  be 
improved. 

The  fibrous  monolith  microstructure  design  using  weak  cell 
boundaries  are  in  some  ways  similar  to  continuous-fiber- 
reinforced  ceramics^’ and  weak-interface  laminates.^  The 
microstructural  units  are  poly  crystalline  cells  which  are  derived 
from  the  fiber  material,  with  the  cell  boundaries  derived  from 


Fig.  10.  (A)  Load-deflection  curve  for  a  notched  beam  of  SiC/ 100% 
graphite  tested  in  flexure.  (B)  Side  surface  showing  delamination 
cracking  in  the  notched  beam. 
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the  fiber  coating  material.  Each  cell  is  not  straight  and  continu¬ 
ous  in  the  axial  direction  unlike  the  fibers  in  ceramic-matrix 
composites.  The  cell  lengths  can  be  very  short  when  chopped 
fibers  are  used.  The  cells  also  do  not  have  planar  continuity  nor¬ 
mal  to  the  pressing  direction  unlike  laminates.  The  cells  are 
however  flattened  in  the  pressing  direction,  resulting  in  some 
texture,  and  orientation  effects  on  the  shear  properties.  The 
weak-interface  fibrous  monolith  can  be  best  compared  with 
,»  geological  rock  fabrics  consisting  of  lensoid  microlithons  with 

reticulate  cleavage.*^ 

The  mechanical  properties  show  important  differences  with 
fiber-reinforced  ceramics  and  laminates.  The  weak  interface 
fibrous  monoliths  show  linear  load-deflection  behavior  prior  to 
the  maximum  load.  Strain-to-faiiure  at  maximum  strength  is, 
therefore,  low.  Strength  is  lower  than  the  reported  value  of  630 
MPa  for  SiC/graphite  laminates,^  and  the  ultimate  strengths  of 
fiber-reinforced  ceramics.^  *^  But  the  fibrous  monoliths  are 
damage  tolerant,  notch  insensitive,  and  characterized  by  non- 
catastrophic  fracture  behavior. 

For  the  SiC/100%  graphite  system,  flexural  strength  is  300- 
350  MPa,  and  the  shear  strength  normal  to  the  pressing  direc¬ 
tion  is  15  MPa.  Combinations  of  alternative  cell  materials  (of 
compatible  polycrystalline  structural  ceramics)  and  weak  cell 
boundaries  (e.g.,  boron  nitride)  have  the  potential  for  yielding 
weak-interface  fibrous  monoliths  with  higher  strength,  ade- 
I  quate  toughness,  and  damage  tolerance. 

i 
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Fibrous  monolithic  ceramics  were  fabricated  in  the  SiC/BN 
system.  The  microstructure  consists  of  high-aspect-ratio 
polycrystalline  cells  of  SiC  separated  by  cell  boundaries  of 
BN.  The  fibrous  monolith  with  aligned  cells  fails  non- 
catastrophically  in  flexure,  with  delamination  cracking 
along  the  BN  cell  boundaries.  Indentations  cause  controlled 
damage  on  the  surface,  but  no  strength-degrading  flaws. 
The  flexural  strength  is  in  the  range  300-375  MPa,  and  the 
estimated  shear  strength  is  **^14  MPa.  The  SiC/BN  fibrous 
monoliths  also  show  excellent  resistance  to  high-tempera¬ 
ture  oxidation  in  air.  Noncatastrophic  fracture  behavior  is 
observed  at  room  temperature  after  heat  treatments 
between  1200®  and  1500®C.  The  SiC  cells  on  the  surface  are 
oxidized  to  form  a  protective  silicate  scale,  which  prevents 
deterioration  of  the  BN  cell  boundaries. 

1.  Introduction 

The  incorporation  of  high-strength  ceramic  fibers  in  ceramic 
matrices  has  led  to  a  new  generation  of  advanced  compos¬ 
ites  with  high  toughness  and  graceful  failure  characteristics.'  " 
Fiber-reinforced  ceramic  matrix  composites  are  candidate 
materials  for  many  lightweight,  high-temperature  structural 
applications  such  as  gas  turbine  engine  components.  However, 
these  materials  have  found  only  limited  use  because  of  their 
high  cost.  Composites  use  expensive  fibers,  and  must  be  fabri¬ 
cated  using  costly  processing  methods  such  as  coatings  by 
chemical  vapor  deposition  and,  in  some  cases,  matrix  formation 
by  chemical  vapor  infiltration.  A  monolithic  ceramic  material 
fabricated  with  inexpensive  powders  and  showing  noncata¬ 
strophic  fracture  behavior  would  prove  to  be  more  useful.  Clegg 
et  al.^  demonstrated  this  concept  with  tough  SiC/graphite  tape- 
cast  laminates  in  which  the  graphite  interlayers  delaminated 
during  flexural  failure.  Similarly,  SiC-based  ceramics  fabri¬ 
cated  from  powders  by  the  “fibrous  monolith”  approach”*  have 
shown  useful  mechanical  properties.^-^  These  new  materials 
have  commercial  potential  because  of  their  damage-tolerant 
mechanical  behavior  combined  with  low  cost. 

The  “fibrous  monolith”  microstructure  consists  of  high- 
aspect-ratio  polycrystalline  cells  of  a  primary  phase  separated 
by  thin  cell  boundaries  of  a  second  phase.^  TTiere  are  no  rein¬ 
forcing  fibers.  The  cells  are  polycrystalline  regions  (e.g.,  SiC) 
that  are  remnants  of  “green”  powder-loaded  polymer  fibers.  A 
coating  applied  on  the  green  fiber  forms  the  cell  boundary, 
which  can  be  any  thermodynamically  compatible  second  phase 
designed  to  enhance  the  fracture  resistance  of  the  material. 
When  the  cell  boundary  is  graphite,  there  is 'preferred  crack 
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propagation  along  the  cell  boundaries.  The  fibrous  monolith 
fails  noncatastrophically  in  flexure  and  is  flaw-tolerant  and 
notch-insensitive.^ 

SiC/graphite  fibrous  monoliths  have  limited  applications 
because  of  oxidation  of  the  graphite  cell  boundaries  at  high 
temperatures  in  air.  Thermogravimetric  analysis  of  SiC/graph¬ 
ite  fibrous  monoliths  has  shown  that  weight  loss  due  to  oxida¬ 
tion  of  cell  boundaries  begins  at  ^250°C  and  is  complete  after 
1  h  at  700®C.^  An  alternative  weak  cell  boundary  material  with 
better  oxidation  resistance  is  hexagonal  (a)  boron  nitride, 
which  is  similar  in  structure  to  graphite.  High-performance 
fiber-reinforced  composites  have  been  fabricated  with  CVD 
coatings  of  BN  on  fibers.**"'”  The  weak  BN  interfacial  layers 
between  fibers  and  matrix  result  in  debonding  and  fiber  pullout, 
giving  rise  to  useful  fracture  behavior.  In  this  paper,  processing 
and  mechanical  properties  of  SiC/BN  fibrous  monoliths  are 
described.  Fracture  behavior  is  compared  with  SiC  monolith 
and  SiC/graphite  fibrous  monolith.^"  The  effect  of  oxidation  is 
evaluated  by  microstructural  analysis  and  room-temperature 
flexural  tests  after  high-temperature  treatments  in  air. 

11.  Experimental  Procedure 

Suspensions  of  SiC  powder  (B-10,  P-SiC  powder,  H.  C. 
Starck,  New  York)  in  an  ethyl  methacrylate  (EMA)/methyl 
ethyl  ketone  (MEK)  solution  (B7/MEK  Acryloid,  30  wt%  solu¬ 
tion,  Rohm  and  Haas,  Philadelphia,  PA)  were  ball-milled,  and 
then  concentrated  by  evaporation  of  the  MEK.  The  concen¬ 
trated  “dopes”  were  extruded  to  form  soft  “green  fibers”  by  dry¬ 
spinning  into  a  hot-air  column  maintained  at  100°C.  Yttria 
(Johnson  Matthey,  Ward  Hill,  MA)  and  alumina  (RC-HP  DBM, 
Malakoff  Industries,  Malakoff,  TX)  were  used  as  sintering  aids. 
The  weight  ratio  of  SiC:Y203:AU03  was  90:4:6.  The  volume 
ratio  of  ceramic  powder  to  ethyl  methacrylate  polymer  in  the 
dry  fiber  was  55:45.  Green  fibers  typically  had  a  “dog-bone” 
cross  section.^  with  an  area-equivalent  circular  diameter  of 
«==  150-200  Jim. 

The  green  fibers  were  run  through  a  coating  slurry  of 
BN(-f  AKOj)^  immediately  after  extrusion.  Boron  nitride  was 
present  as  l-10-|xm-wide  platelets  in  suspension.  The  coated 
fibers  were  loaded  in  a  52  mm  X  26  mm  graphite  die  using  one 
of  two  fiber  architectures:  either  aligned  fibers  using  «=51-mm 
lengths  or  finely  chopped,  randomly  oriented  fiber  segments.  To 
simply  evaluate  the  fracture  behavior,  both  die  filling  tech¬ 
niques  were  tested.  To  study  the  effect  of  oxidation  treatments, 
only  aligned  fiber  billets  were  used.  The  chopped  fiber  die-fill¬ 
ing  method  was  evaluated  because  it  was  relatively  easy. 

The  green  fibers  were  pressed  at  «='80°C,  using  5-MPa  pres¬ 
sure.  This  softens  the  polymer  and  consolidates  the  fibers  into  a 
dense  monolithic  billet  with  45  vol%  polymer.  After  removal  of 
the  polymer  binder  between  200®C  and  600°C  in  an  actively 
pumped  vacuum,  the  billet  was  hot-pressed  at  1900®C  in  argon 


’ZYP  paint,  {25  weight  parks  BN,  5  parts  hydrated  alumina,  70  parts  water),  ZYP 
Inc.,  Oak  Ridge,  TN.  Actual  ceramic  solids  was  87.5  wt%  BN,  12.5  wt%  ALO,. 
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for  1  h,  using  25>MPa  ram  pressure.  Hot-pressed  billets  were 
4.0-4.5  mm  in  thickness. 

Most  hot-pressed  billets  were  machined  into  bar  specimens  3 
mm  thick,  4  mm  wide,  and  48  mm  long.  Three  bar  specimens 
from  an  aligned  fiber  billet  were  machined  down  to  1-mm 
thickness.  The  3-mm-thick  samples  provided  a  span-to-depth 
ratio  of  3.33,  which  caused  samples  to  fail  by  midplane  shear 
cracking.^  The  1-mm-thick  samples  were  used  to  evaluate  the 
true  flexural  strength  of  the  material  at  high  (’=«9)  span-to-depth 
ratio.  All  bars  were  machined  and  chamfered  with  a  1000-grit 
resin-bonded  diamond  wheel,  with  the  grinding  direction  paral¬ 
lel  to  the  length  of  the  specimen.  The  tension  side  was  normal  to 
the  pressing  direction.  In  some  cases,  the  side  surfaces  of  sam¬ 
ples  were  polished  prior  to  testing.  Flexural  strength  was  mea¬ 
sured  using  a  fully  articulated  four-point  bend  fixture  with  a 
20-mm  inner  span  and  a  40-mm  outer  span  at  a  crosshead  speed 
of  0.05  mm/min.  Stress  values  were  calculated  from  elastic 
beam  equations. 

The  density  of  the  bars  was  measured  by  the  Archimedes 
method.  Young’s  modulus  was  measured  on  bar  specimens  by 
the  flexural  resonance  method'^  ''*  (Grindo-Sonic,  J.  W.  Lem- 
mens,  St.  Louis,  MO).  In  this  technique,  the  bar  is  set  in  reso¬ 
nance,  and  the  frequency  is  measured  with  a  contact  probe. 
Damage  and  cracking  from  Vickers  indentations  were  studied 
using  a  Zwick  (E.  Windsor,  CT)  indenter.  An  indentation  load 
of  5  kg  ("^50  N)  was  used  with  30-s  residence  time. 

Machined  bar  specimens  of  3-mm  thickness  were  heat- 
treated  in  air  at  high  temperatures.  Bars  were  held  for  10  h 
between  1200°  and  1500°C.  Some  bars  were  also  held  at 
1400°C  for  10,  50,  and  250  h.  Heating  and  cooling  rates  were 
15°C/min  between  ^500°C  and  the  heat-treatment  temperature. 
Heat-treated  bars  were  tested  in  flexure.  The  3-mm-thick  speci¬ 
mens  were  used  to  study  the  effect  of  oxidation  on  the  materi¬ 
al's  shear  characteristics  which  are  responsible  for  the  non- 
catastrophic  fracture  behavior. 

After  testing,  all  heat-treated  bars  were  inspected,  using  opti¬ 
cal  and  scanning  electron  microscopy.  Bars  invariably  shear 
cracked  on  only  one-half  of  the  specimen.  Cross  sections 
^5  mm  from  the  undamaged  end  were  polished  and  then  stud¬ 
ied  by  optical  microscopy.  Elemental  analysis  was  done  on  pol¬ 
ished  sections  with  an  electron  microprobe,  using  X-ray 
wavelength  dispersive  spectrometry  and  appropriate  standards. 

111.  Results  and  Discussion 

(/)  Microstructure,  Elastic  Modulus,  and  Indentation 
Behavior 

The  microstructure  of  SiC/BN  fibrous  monoliths  with 
aligned  fibers  is  shown  in  Fig.  1 .  Flattened  SiC  cells  50-100  ixm 
thick  and  150-200  |xm  wide  are  separated  by  cell  boundaries  a 
few  micrometers  to  ^25  p.m  in  thickness.  The  cell  sections  vis¬ 
ible  in  the  micrographs  of  Figs.  1(A)  and  (C)  vary  in  length 
from  about  200  [xm  to  several  millimeters  in  the  long  direction 
of  the  billet.  Although  long  green  fibers  are  placed  in  the  die, 
the  forming  procedure  can  result  in  finite  cell  lengths.  Green 
fibers  can  fracture  or  bend  and  also  may  not  lie  perfectly  normal 
to  the  pressing  direction  or  perfectly  parallel  to  the  long  die 
wall.  Only  short  cell  segments  are  visible  in  the  micrographs, 
but  individual  cells  could  actually  have  continuity  and  extend 
for  longer  distances  (approximately  a  few  centimeters)  up  to  a 
maximum  of  5.2  cm. 

The  microstructure  of  a  chopped  fiber  monolith  is  shown  in 
Fig.  2.  Here  the  cell  cross  sections  on  surfaces  parallel  to  the 
pressing  direction  are  quite  small.  Cell  lengths  vary  from  200  to 
600  Viewed  in  the  pressing  direction,  the  sample  consists 
of  randomly  oriented  cells  several  hundred  micrometers  long 
and  about  200  ixm  wide. 

The  volume  fraction  of  the  cell  boundary  was  determined  to 
be  «=23  vol%  from  point  counts  on  optical  micrographs  of  cell 
cross  sections.  The  analyzed  area  encompassed  about  300  cells. 
The  23  vol%  cell  boundary  in  SiC/BN  is  considerably  more 


than  the  8  vol%  cell  boundary  in  SiC/graphite.°  This  reflects  the 
differences  in  coating  thickness  from  the  commercial  BN  slurry 
used  in  this  study  and  the  diluted  Aquadag  (Acheson  Colloid, 
Port  Huron,  MI)  graphite  slurry  used  to  fabricate  Si  C/graph  ite.^ 

The  SiC  cell  microstructure  is  shown  in  Fig.  3.  The  backscat- 
tered  electron  image  from  the  electron  microprobe  shows  elon¬ 
gated  grains  of  SiC  with  the  yttria-alumina  intergranular  phase 
in  bright  contrast.  The  cell  phase  determined  by  X-ray  diffrac¬ 
tion  was  predominantly  p-SiC,  with  10-20  vol%  hexagonal 
SiC  polytypes. 

The  density  of  the  SiC/BN  fibrous  monolith  was  2.99  g/cm\ 
The  samples  did  not  imbibe  water.  The  density  of  the  cells  is 
inferred  by  comparison  to  the  SiC  monolith  (i.e.,  hot-pressed 
SiC  with  yttria  and  alumina),  which  was  3.20  g/cm\  By  com¬ 
bining  this  information,  the  cell  boundaries  are  estimated  to  be 
*=^96  vol%  BN(  +  ALOO  and  *=^4  vol%  porosity. 

For  aligned  fibrous  monoliths,  Young's  modulus  measured 
on  two  bar  specimens  was  341-342  GPa.  Single-phase  poly¬ 
crystalline  SiC  densified  with  small  additions  of  B  and  C  has 
modulus  ranging  from  410  to  440  GPa.’^  The  lower  modulus 
compared  to  SiC  reflects  the  contributions  from  ^=^8  vol% 
yttria-alumina  within  cells  and  the  high  volume  fraction  of  the 
lower-modulus  BN  cell  boundary  phase.  The  modulus  of  hot- 
pressed  single-phase  hexagonal  BN  is  in  the  range  35-72  GPa,‘^ 
and  there  is  "^23  vol%  of  this  cell  boundary.  Literature  values 
of  Young's  modulus  values  for  SiC/BN  particulate  composites 
with  20  vol%  BN  are  in  the  range  260-320  GPa.'^  The  elastic 
modulus  of  SiC/graphite  fibrous  monolith  measured  by  the 
same  technique  was  slightly  higher  at  355-360  GPa,  presum¬ 
ably  due  to  lower  (=^8  vol%)  cell  boundary  content.''  Com¬ 
bined  with  the  low  density,  the  modulus  of  the  aligned  fiber 
SiC/BN  makes  this  material  useful  in  applications  requiring 
high  specific  modulus. 

For  the  chopped-fiber  layout,  the  modulus  was  significantly 
lower  (275  GPa).  The  lower  modulus  can  arise  from  both  cell 
geometry  considerations  and  BN  texture  within  the  cell  bound¬ 
aries.  With  the  chopped-fiber  layout,  many  cells  lie  at  orienta¬ 
tions  almost  perpendicular  to  the  bar  axis.  A  higher  volume 
fraction  of  the  BN  cell  boundaries  lies  in  series  with  the  SiC  in 
the  axial  direction  of  the  bar,  resulting  in  lower  stiffness.  Fur¬ 
thermore,  the  coating  process  and  the  compaction  could  result 
in  some  alignment  of  cell  boundary  platelets  along  cell  axes.  In 
the  randomly  oriented  cell  geometry,  where  cells  can  lie  normal 
to  the  bar  axis,  a  significant  fraction  of  BN  platelets  at  the  cell 
boundaries  could  be  oriented  with  their  weak  c-axis  direction 
along  the  bar  axis.  This  could  also  result  in  lower  elastic 
modulus. 

From  scanning  electron  microscopy  of  polished  cross  sec¬ 
tions,  it  was  difficult  to  determine  whether  platelets  had  pre¬ 
ferred  orientation.  Biit  X-ray  diffraction  of  an  aligned  fiber 
monolith  showed  evidence  of  texture  in  the  BN  cell  boundaries. 
The  integrated  intensity  ratios  of  (002)bn  to  (00l)h.s,c  were 
1:1.2,  1:4.2  and  1:15  from  the  sample  cross  sections  shown  in 
Figs.  1(A),  (C),  and  (B),  respectively.  Other  BN  peaks  were  too 
weak  to  give  useful  information.  The  integrated  intensity  ratios 
indicate  that  BN  platelets  were  mostly  aligned  with  their  c-axes 
in  the  hot-pressing  direction.  The  preferred  orientation  of  the 
lubricious  BN  platelets  due  to  hot-pressing  should  result  in  low 
shear  strength  on  planes  normal  to  the  pressing  direction.  From 
the  moderate  intensity  of  the  (002)bn  from  the  side  of  the  speci¬ 
men  (cross  section  in  Fig.  1(C)),  there  also  appears  to  be  some 
alignment  of  the  BN  platelets  with  their  c-axes  normal  to  the 
pressing  direction  and  the  cell  axes.  This  alignment  must  result 
from  slurry  application  on  the  green  fibers. 

Surface  damage  from  a  Vickers  indentation  is  shown  in 
Fig.  4.  The  section  of  a  chopped  fiber  pellet  parallel  to  the  press¬ 
ing  direction  was  indented.  Indentation  causes  cells  to  spall  or 
crack,  with  the  soft  BN  being  extruded  out  from  the  cell  bound¬ 
aries.  Unlike  classically  brittle  materials,  long  radial  cracks  do 
not  form  upon  indentation.  So,  just  as  in  SiC/graphite,^  strength 
would  be  unaffected  by  point  contact  damage. 
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Fig.  2.  SEM  micrographs  of  polished  surfaces  of  a  SiC/BN  fibrous  monolith  prepared  with  finely  chopped,  randomly  oriented  fibers  (A)  viewed  in 
the  hot-pressing  direction  and  (B)  viewed  nornial  to  the  hot-pressing  direction. 
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Fig.  3.  Backscatiered  electron  image  of  a  SiC  cell  showing  elongated 
grains  of  SiC  (gray),  and  the  yttria-alumina  intergranular  phase 
(white). 
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Fig.  5.  Flexural  strength  behavior  of  aligned-fiber  SiC/ BN  compared 
to  monolithic  SiC.  Load-deflection  traces  for  the  fibrous  monolith  at 
two  different  span-io-depih  ratios  are  shown. 


span-to-depth  ratio  were  in  the  range  300-375  MPa.  For  thick 
specimens,  the  samples  shear-cracked  starting  at  the  midplane 
of  the  bar  specimens  between  an  inner  and  an  outer  loading 
point,  where  applied  shear  stresses  are  highest.  The  apparent 
strength  of  186  MPa  is  not  meaningful,  since  failure  begins 
when  the  applied  T^.^p^nc  reaches  the  shear  strength  of  the  mate¬ 
rial.  The  interlaminar  shear  strength  estimated  from  the  thick 
specimens  using  elastic  beam  equations^  was  14.1  MPa.  The 
side  surface  after  the  test  for  a  3-mm-thick  specimen  is  shown 
in  Fig.  6.  Extensive  delamination  cracking  occurs  along  the 
length  of  the  bar  specimen.  An  apparent  work-of-fracture  mea¬ 
sured  from  the  area  under  the  load-displacement  curve  and  the 
specimen  cross-sectional  area  was  2430  ]/xxv. 

The  load-deflection  behavior  for  a  chopped-hber  bar  speci¬ 
men  in  flexure  is  presented  in  Fig.  7(A).  The  strength  is  128 
MPa,  almost  identical  to  the  strength  of  SiC/graphite  with  simi¬ 
lar  cell  architecture.'"  The  side  surface  of  the  specimen  after  test¬ 
ing  is  shown  in  Fig.  7(B).  Fracture  initiates  at  the  weak  cell 
boundaries  normal  to  the  applied  stress  on  the  tension  side.  The 
shear  characteristics  of  the  material  cause  the  crack  to  deflect 
towards  the  bar  axis  and  propagate  along  the  weak  cell  bound¬ 
aries.  The  specimen  does  not  fall  apart  after  the  lest,  but  has 
almost  no  load-bearing  capability. 

From  the  cell  architectures  studied,  it  appears  that,  with  suit¬ 
able  fiber  lay-up  methods,  SiC/BN  fibrous  monoliths  can  be 
fabricated  with  sufficient  strength  and  tough  fracture  behavior. 
Earlier  work  with  SiC/graphite “  has  shown  that  the  off-axis 
strength  in  aligned  fibrous  monoliths  is  low  («=70  MPa),  but 


Fig.  4.  SEM  micrograph  showing  indentation  fracture  in  a  SiC/BN 
fibrous  monolith  (load  =  50  N).  Indented  surface  was  parallel  to  the 
hot-pressing  direction.  Note  extrusion  of  cell  boundary  material  and 
absence  of  long  radial  cracks. 
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(2)  F lexural  Strength  and  Fracture  Behavior 

Load-deflection  curves  for  two  sample  geometries  of 
aligned-fiber  SiC/BN  are  compared  with  data  for  a  SiC  mono¬ 
lith"  in  Fig.  5.  The  applied  stress  value  is  meaningful  until  the 
first  load  drop  in  each  of  the  samples.  The  SiC  monolith  shows 
high  strength  but  brittle  fracture  behavior.  The  fibrous  mono¬ 
liths  for  both  span-to-depth  ratios  display  noncatastrophic  frac¬ 
ture  behavior,  with  significant  load-retaining  capability  after 
fracture  commences.  The  lower  modulus  of  the  fibrous  mono¬ 
lith  is  apparent  from  the  lower  slope  of  the  3-mm-thick  SiC/BN 
specimen  compared  to  SiC. 

The  strength  values  and  modes  of  fracture  were  very  similar 
to  the  SiC/graphite,'"  For  thin  specimens,  fracture  initialed  from 
the  tension  side,  and  the  sample  then  proceeded  to  delaminate 
like  wood.  The  flexural  strength  values  measured  at  this  high 


3  mm 


Fig.  6.  Side  surface  of  SiC/BN  bend  specimen  after  test  showing 
delamination  cracking  (optical  micrograph). 


Fig.  7.  (A)  Flexural  strength  behavior  of  chopped-fiber  SiC/BN.  (B)  SEM  micrograph  of  the  side  surface  of  the  specimen  after  test. 


a  0790°  cross-ply  structure  has  strength  **150  MPa.  Other 
microstructural  arrangements  such  as  woven  fabrics  of  SiC/BN 
may  have  a  combination  of  tensile  and  shear  strengths  that 
meets  design  requirements  of  some  structural  components. 

(3)  Effect  of  Oxidation 

The  room -temperature  strength  behavior  of  oxidized  bars 
after  10-h  heat  treatments  at  1200°  to  1500°C  in  air  is  shown  in 
Fig.  8.  Noncatastrophic  fracture  behavior  is  observed  even  in 
samples  heat-treated  to  1500°C.  All  samples  were  glazed  after 
heat  treatment.  The  bar  specimens'  thickness  and  width  had 
increased  about  3%^%.  The  high  temperature  (1400°  and 
1500°C)  heat  treatments  resulted  in  substantial  bubble  forma¬ 
tion,  with  gas  entrapment  and  foaminess  in  the  scale.  In  the 
sample  held  at  1500°C,  the  scale  had  foamed  up  a  few  millime¬ 
ters,  presumably  because  of  lower  viscosity  of  the  scale  at  the 
high  temperature.  For  this  specimen,  the  foam  was  scraped  off 
before  testing.  In  Fig.  8,  the  apparent  strengths  are  again  not 
meaningful  and  do  not  reflect  the  true  flexural  strength  of  the 
materials.  For  all  samples,  failure  initiated  by  midplane  shear 
cracking,  followed  by  extensive  damage  primarily  below  the 
inner  loading  point.  The  oxidation  treatment  had  apparently  not 
affected  the  shear  properties  (i.e.,  not  affected  the  bulk  of  the 
BN  cell  boundaries)  significantly.  Then  the  bar  specimen  shear 
cracked  between  an  inner  and  outer  loading  point,  which 
chipped  off  part  of  the  scale,  as  shown  in  Fig.  9. 


Fig.  8.  Room-temperature  strength  behavior  of  aligned-fiber  SiC/BN 
after  10-h  heat  treatments  in  air  at  high  temperatures. 


The  room-temperature  load  deflection  behavior  of  bar  speci¬ 
mens  heat-treated  at  1400°  for  10,  50,  and  250  h  is  shown  in 
Fig.  10.  Here  again,  all  samples  failed  by  shear  delamination 
along  the  cell  boundaries.  Noncatastrophic  fracture  behavior 
was  recorded  even  after  250  h  (>10  days)  at  I400°C.  The  bar 
that  had  undergone  the  long  250-h  heat  treatment  was  covered 
with  a  foamy,  translucent  scale.  The  side  surface  of  this  bar  in 
Fig.  1 1  shows  delamination  cracking  and  damage  in  the  section 
below  the  inner  loading  point.  The  fibrous  structure  is  visible  in 
regions  where  the  scale  has  come  off. 

Table  I  lists  the  room-temperature  flexure  properties  for  all 
the  SiC/BN  samples  after  heat  treatment.  Interlaminar  shear 
strengths  calculated  from  the  maximum  flexural  stress  are  gen¬ 
erally  low  after  all  the  heat  treatments.  The  long  1400°C  hold 
results  in  some  increase  in  the  shear  strength  to  1 8  MPa.  Appar¬ 
ent  work-of-fracture  values  are  also  high  for  all  the  specimens. 

The  polished  section  of  a  bar  specimen  after  l400°C/250  h  is 
compared  with  an  untreated  sample  in  Fig.  12.  The  optical 
micrographs  show  the  chamfered  comers  of  the  bar  section.  The 
scale  on  the  heat-treated  sample  is  25-50  pim  thick  on  average, 
and  >100  jxm  thick  in  some  areas.  There  was  no  measurable 


Fig.  9.  SEM  micrograph  showing  side  surface  of  heat-treated 
(1400°C/10  h)  SiC/BN  specimen  after  bend  test. 
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Crosshead  Displacement  (pm) 

Fig.  10.  Room-temperature  strength  behavior  of  aligned-hber  SiC/ 
BN  heat-treated  at  140()°C  in  air  for  various  times. 


Table  I.  Room-Temperature  Properties  of  Aligned-Fiber 
SiC/BN  from  Flexure  Tests 


Heal  treatment 

(MPa) 

T . iMPa) 

.Apparent  work- 
ot-traciure  tJ/in-) 

None 

186 

14.1 

2430 

1200°C(l0h) 

189 

14.7 

1770 

1300°C{10h) 

171 

13.5 

2 1 30 

14()0°C(10h) 

192 

15.6 

2210 

I500°C(10h) 

146 

1  1.6 

1480 

14()0T(50h) 

141 

1  1.3 

1800 

140(rC(250h. 

223 

IS.O 

2230 

change  in  the  cel!  and  cell  boundary  dimensions.  There  was  also 
no  evidence  of  degradation  or  reactions  in  the  cell  boundaries  or 
cells  in  the  interior  of  the  sample.  This  is  consistent  with  reten¬ 
tion  of  low-shear-strength  BN  cell  boundaries  and  noncata- 
sirophic  fracture  behavior  even  after  10  d  at  1400°C. 

A  back.scattered  electron  image  of  a  polished  section  of  heat- 
treated  SiC/BN  is  shown  in  Fig.  13.  The  micrograph  show's  the 


Fig.  11.  SEM  micrograph  showing  side  surface  of  heat-treated 
(1400°C/250  h)  SiC/BN  specimen  after  bend  test. 


scale  appearing  in  bright  contrast.  The  scale  contains  faceted 
inclusions.  The  SiC  cell  in  the  interior,  as  in  Fig.  3.  shows  brishi 
Y-  and  Al-containing  intergranular  phases.  Elemental  micro¬ 
analysis  was  done  on  the  different  phases  in  many  areas  of  this 
sample,  as  well  as  on  unoxidized  samples.  The  bright  scale  con¬ 
tained  yttrium,  aluminum,  silicon,  and  oxygen.  The  inclusion 
was  a  crystalline  form  of  silica,  most  likely  cristobalite.'^  There 
was  no  evidence  of  an  oxidation  product  of  BN  extending  into 
the  BN-rich  cell  boundary.  It  was  not  possible  to  determine 
■  whether  boron  was  present  in  the  scale,  since  our  spectrometer 
could  not  detect  boron  in  this  sample.  A  wavelength  spectrome¬ 
ter  scan  of  the  emissions  from  the  scale  did  not  show  the  charac¬ 
teristic  peak  for  nitrogen,  which  indicated  that  there  was  no 
dissolved  N  in  the  glass.  The  compositions  of  the  cell  phase 
were  the  same  in  the  unoxidized  and  heat-treated  samples. 
Some  pieces  of  monolithic  SiC  (with  the  same  yttria-alumina 
additions)  were  also  heat-treated  for  comparison.  Similar  oxide 
scale  formation  was  observed  in  these  samples,  with  identical 
elemental  compositions. 

From  the  microstructurai  observations  and  elemental  analv- 
sis.  it  is  evident  that  the  SiC  cells  on  the  surface  are  oxidized  lo 
form  a  protective  layer  of  Y-Al-containing  silicate  scale  with 
SiOn  inclusions.  BN  appears  to  be  unoxidized  beneath  this  scale 
even  after  long-term  exposure  at  I400°C.  The  stability  of  BN  in 
this  environment  can  be  explained  in  terms  of  the  equilibrium 
partial  pressures  of  oxygen  expected  at  SiC/SiO.  and  BN/B.O^ 
interfaces  at  1400°C.  The  oxidation  of  SiC  is  assumed  to  be 
controlled  both  by  diffusion  and  interface  reaction,  as  suggested 
by  Luthra.”^  The  most  probable  reaction  for  the  oxidation  of  SiC 
cells  is 

SiC  -r  —  SiO:  +  CO 

From  free  energies  of  formation.''’  AG  for  the  above  reaction 
can  be  calculated.  With  this  information,  and  assuming  I  bar 
(^1  atm)  pressure  of  CO  at  the  interface,  the  equilibrium  Pq, 
at  the  SiCT/SiO.  interface  has  been  estimated  lo  be  ^7  X 
lU  '^atm. 

The  oxygen  partial  pressure  required  for  BN  oxidation  can 
also  be  calculated  from  the  free-energy  change  of  the  reaction 

2BN  -f  3O:— *  B.O,  +  N. 

The  nitrogen  partial  pressure  beneath  the  scale  can  be  assumed 
lo  be  1  bar.  The  equilibrium  ^  hypothetical  BN/B:03 

interface  is  then  calculated  to  be  1.5  x  10  This  value  of 
oxygen  partial  pressure  is  ^150  times  the  equilibrium 
at  SiC/SiO.  interfaces.  The  calculated  value  for  the  P,,. 
SiC/SiO.  interface  is  not  expected  to  be  significantly  differ¬ 
ent  when  the  oxidation  product  is  a  Y-Al-Si-0  scale  con¬ 
taining  SiO.  inclusions.  The  low  equilibrium  /’o,  associated 
with  SiC  oxidation  establishes  the  oxygen  partial  pressure 
beneath  the  scale:  this  pressure  is  then  too  low  for  BN  oxidation 
at  1200°-1500°C.  The  material  retains  low  interlaminar  shear 
strength  BN  cell  boundaries  after  heat  treatment,  resulting  in 
graceful  failure  behavior  at  room  temperature.  Funher  work  on 
oxidation  and  high-temperature  flexure  properties  is  under  way 
and  will  be  reported  in  subsequent  papers. 

IV.  Conclusion 

SiC-based  fibrous  monoliths  with  weak  ceil  boundaries  of 
BN  show'  potentially  useful  mechanical  propenies  at  room  tem¬ 
perature.  Noncatastrophic  fracture  behavior  with  significant 
load-bearing  capability  is  observed  in  SiC/BN  with  aligned 
green  fibers.  As  in  SiC/graphite.  delamination  cracking  of  the 
BN  cell  boundaries  occurs  during  failure.  Young's  modulus  of 
SiC/BN  with  aligned  fibers  is  ^340  GPa.  Flexural  strength  is  in 
the  range  300-375  MPa.  and  interlaminar  shear  strength  on 
planes  normal  to  the  pressing  direction  is  =14  MPa.  The  low 
shear  strength  should  render  the  material  notch-insensitive 
under  flexural  loading  conditions.  Delaminaiion  cracks  initiated 
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r , » ^  -A  ..A  Qir/RN  anH  (R1  SiC/BN  after  1400°C/250  h.  Scale  is  indicated 
Fig.  12.  Optical  micrographs  comparing  polished  cross  sections  of  (A)  unox.d.zed  S.C/BN  and  (B) 

by  arrows. 
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^^^e^SiC/BN  system  also  shows  potential  for  use  in  oxidizing 
environments  at  high  temperatures.  The  low-shear-strength  BN 
cell  boundaries  are  retained  even  after  heat  treatment  at  1400  C 
for  10  days  in  air.  The  oxidation  of  SiC  cells  on  the  surface 
forms  a  protective  silicate  layer  preventing  the  oxidation  of  sub¬ 
surface  BN  cell  boundaries.  Shear  cracking  and  noncatastrophic 
failure  is  observed  in  room-temperature  flexure  tests  after  heat 
tmatments  tn  air  between  1200“  and  1500“C  Further  studies  on 
these  materials  will  include  evaluation  of  high-temperature 
mechanical  properties,  and  microstructural  refinement  of  the 
cell  and  cell  boundary  phases  to  optimize  properties. 
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Fibrous  monolithic  ceramics  were  fabricated  in  the 
alumina/nicke!  system.  The  microstructure  consists  of  high- 
aspect-ratio  polycrystalline  cells  of  alumina  separated  by 
thin  cell  boundaries  of  nickel.  The  nickel  content  in  the 
material  is  3  to  8  vol  7c .  The  fibrous  monolith  with  uniaxially 
aligned  cells  fails  noncatastrophically  in  flexure.  Bridging 
ligaments  of  nickel,  crack  deflection  along  cell  boundaries, 
and  crack  branching  in  the  axial  direction  are  observed  in 
flexure  bars  and  notched  beams.  Strength  values  range 
from  246  to  375  MPa.  Indentations  cause  controlled  damage 
on  the  surface  but  do  not  introduce  strength-degrading 
flaws.  The  alumina/nickel  fibrous  monoliths  also  show 
potential  for  use  at  high  temperatures  in  oxidizing  environ¬ 
ments.  Noncatastrophic  fracture  behavior  is  observed  at 
room  temperature  after  10  h  at  1200®C  in  air.  The  Ni  cell 
boundary  network  is  oxidized  to  a  depth  of  50  to  100  jxm  by 
this  heat  treatment.  The  NiO  oxidation  product  in  the  cell 
boundaries  reacts  partly  with  alumina  from  the  cells  to 
form  NiAl204,  which  would  provide  better  protection. 

I.  Introduction 

IN  METAL-TOLGHENED  ceramics,  ductile  ligaments  bridge 
crack  surfaces,  and  the  plastic  work  associated  with  stretch¬ 
ing  these  ligaments  during  fracture  results  in  enhanced  tough¬ 
ness. The  reinforcing  metal  phase  can  exist  as  discrete 
inclusions'"  or  can  have  connectivity  in  all  three  directions. 

In  both  cases,  the  metal  reinforcements  increase  the  resistance 
to  propagation  of  cracks  (increase  fracture  toughness)  but  still 
result  in  brittle,  catastrophic  failure  in  strength  tests.  When  the 
metal  phase  is  present  as  thick  (>100-pLm)  layers  with  planar 
continuity  as  in  the  alumina/Ni  laminates  of  Chen  and  Mechol- 
sky,*^  the  composite  shows  noncatastrophic  fracture  behavior. 
The  thick  sheets  of  .\i  bridge  the  crack  surfaces  in  flexure  tests 
and  keep  the  specimens  intact. 

The  “fibrous  monolith”  approach'”"  is  a  new  process  for 
creating  ceramic  microstructures  with  metallic/ceramic  inter¬ 
phases.  The  fibrous  monolith  microstructure  consists  of  high- 
aspect-ratio  polycrystalline  cells  of  a  primary  phase  separated 
by  thin  cell  boundaries  of  a  second  phase.  TTiere  are  no  rein¬ 
forcing  fibers.  The  cells  are  flattened  polycrystalline  regions 
(e.g.,  alumina)  that  are  remnants  of  powder-loaded  polymer 
“green”  fibers.  A  coating  applied  on  the  green  fiber  forms  the 
cell  boundary  (e.g..  nickel),  which  can  be  any  thermodynami¬ 
cally  compatible  second  phase  designed  to  enhance  the  fracture 
resistance  of  the  material.  When  the  cell  boundary  has  low 
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shear  strength  (graphite  or  BN),  the  material  fails  noncata¬ 
strophically  in  flexure,""'^  The  fibrous  monolith  is  flaw-tolerant 
and  notch-insensitive. 

The  fabrication  of  fibrous  monoliths  in  the  alumina/Ni  sys¬ 
tem  has  been  described  earlier."  Two  features  of  this  ceramic- 
metal  microstructure  are  unique.  The  Ni  cell  boundary  phase  is 
thin  and  occupies  only  about  3  to  8  vol%  of  the  material.  This  is 
quite  small  compared  to  alumina/Ni  laminates,*^  which  con¬ 
tained  about  30  to  45  vol%.  The  Ni  cell  boundary  phase  also 
isolates  each  of  the  long  alumina  cells  and  has  connectivity  in 
all  three  directions.  The  objective  in  this  study  was  to  determine 
the  effect  of  this  microstructural  layout  on  the  fracture  behavior 
of  the  alumina/nickel  system.  Mechanical  properties  of  an 
alumina/Ni  fibrous  monolith  with  aligned  cells  were  evaluated. 
The  experiments  addressed  the  following  questions:  (I)  How 
does  the  material  fracture  in  a  “standard”  flexure  test?  (2)  What 
is  the  effect  of  a  stress  intensifier  such  as  a  notch  in  a  flexure 
specimen?  (3)  Is  the  strength  significantly  reduced  by  point 
contact  damage?  (4)  Since  tough  ceramics  with  high  specific 
modulus  are  candidate  materials  for  replacing  Ni-base  super- 
alloys  in  gas  turbine  engine  applications,  do  alumina/Ni  fibrous 
monoliths  have  potential  for  use  at  high  temperature? 

11.  Experimental  Procedure 

Suspensions  of  alumina  powder  (RC-HP  DBM,  Malakoff 
Industries,  Malakoff,  TX)  in  an  ethyl  methacrylate  (EMA)/ 
methyl  ethyl  ketone  (MEK)  solution  (B7/MEK  Acryloid,  30 
wi%  solution,  Rohm  and  Haas,  Philadelphia,  PA)  were  ball- 
milled.  A  phosphate  ester  (P5-21A,  Witco,  New  York)  was 
used  as  the  dispersant.  The  milled  suspensions  were  then  con¬ 
centrated  by  evaporation  of  the  MEK  to  a  pastelike  consistency. 
The  concentrated  “dopes”  were  extruded  to  form  soft  “green 
fibers”  by  dry-spinning  into  a  hot-air  column  maintained  at 
100°C.  Yttria-stabilized  zirconia  (TZ-3Y,  Tosoh  USA, 
Bridgewater,  NJ)  was  used  as  a  grain  growth  inhibitor  for  the 
alumina.  The  volume  ratio  of  AUO,  to  ZrO^  was  96:4  (weight 
ratio  of  94:6).  The  volume  ratio  of  ceramic  powder  to  ethyl 
methacrylate  polymer  in  the  dry  fiber  was  60:40.  Green  fibers 
typically  had  a  “dog-bone”  cross  section,"  with  an  arer.-equiva- 
lent  circular  diameter  of  100-150  pim.  More  details  on  dope 
preparation  and  spinning  are  given  elsewhere." 

The  green  fibers  were  run  through  a  coating  slurry  of  NiO 
(N-69,  Fisher  Scientific,  Fairlawn,  NJ)  immediately  after  extru¬ 
sion.  The  suspension  medium  for  the  coating  slurry  was  a  mix¬ 
ture  of  iso(propyl  alcohol)  and  deionized  water.  Menhaden  fish 
oil  (Z-3,  Kellox  Div.,  Textron,  Buffalo,  NY)  was  used  as  a  dis¬ 
persant,  with  poly(vinyl  alcohol)  (KH175,  Nippon  Gohsei, 
Tokyo,  Japan)  as  the  binder  and  poly(ethylene  glycol)  (Carbo- 
wax  PEG  4000,  Fisher)  as  plasticizer.  (Coating  thickness  was 
adjusted  by  controlling  slurry  composition  and  properties  to 
provide  a  final  nickel  content  of  ~8  vol%  in  the  material.  A  sin¬ 
gle  billet  was  made  with  a  thinner  coating,  adjusted  for  about  3 
vol%  final  nickel  content.)  The  coated  fibers  with  the  thick  NiO 
coating  (corresponding  to  8  vol%  Ni)  were  trimmed  to  51 -mm 
lengths  and  loaded  in  a  52  mm  X  26  mm  graphite  die  with  the 
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fibers  aligned  panlW  “;5:,tlltmtg*s»SeJin'a  T 
?fr4Sirm  d»  sines  reflec.  avail.bili.y  of  dies  » 

This  softens  the  polymer  Md  ,  _ ^i^fter  removal  of  the  ^ 

monolithic  200°  ^d  600°C  in  an  actively  pumped  i 

raS.  SdlS-re 

VO*  nS  s..  machined 

specimens  3  to  4  5  n't"  2  3  mm  wide,  and  48  mm  long.  All 

into  tall  beams  4.5  mm  hig  ,  •  ^QQQ.gnt  resin-bonded  dia- 

specimens  were  direction  p^allel  to  the  length  of 

mond  wheel,  w^  the  tests^were  also  chamfered, 

the  specimen.  The  bars  for  A  pressing  direction.  In  some 
The  tension  side  was  ^  polished  prior  to  test- 

cases,  the  side  surfaces  o  Ssing  a  fully 

ing.  Flexural  Sr"  ^Uh  a  20-mm  inner  span  and 

articulated  four-point  bend  fixt  ^  05  n,m/mim  A 

:,rrs^rr;Sd^^ 

Sn1a'"otN“".n^— ^ 

culated  from  elastic  beam  equations.  ^  g 

The  tall  beams  '^^^^..^nifwafering^ blade.  Notch  depth/ 
using  a  250-^.m-wlde  ^  jl  S^l^notch  radii  were  140 
specimen  height  was  about  ^  20/40-mm 

pbm.  The  notched  beams  w  t  equation  of 

rrSd'Scy-^^wi .snmarc  fr^rnre  ronghn.ss 

'TiSSre’ Whh  3  ™  mm 

2  mm  X  2  mm  X  42  mm  in  s  '  ^  ^  vvere  notched 

wide,3mmhigh.and42mmlong_  The^  ^ 

^  b«„f.  wi.h  a  .3-mm 

Young’s  modulus  was  measure  ^p.uod'^  '^  using  Grindo- 

"Jby  .he  “Ss  „S?e,u1pmen“DLage  a 

Sonic  (J.  W.  Lemmens,  •  .  ’  (^wick)  were  studied  on  the 

side  surface  oi  a  oar  „.:th  ^O-s  residence  lime. 

10  kg  (about  100  N)  was  UM  specimens  containing  8 

Machined  bar  ”m2'“‘7i„'S  a.  1200-C  tor  10  h 
vol%  nickel  were  a  s  5°C/min  between  500°C  and 

Heating  and  cooling  rates  w  15  jed  specimens 

the  heat-treatment  temperature,  ‘"e  uc 

were  tested  in  flexure  at  ^sing  optical  and  scan- 

ninTeSonrcSrsomcfc™^^ 
rr?“w“ed  ri^sUed  b,  optical  microscopy. 

'  III.  Results  and  Discussion 


Micros,r.c,ure.Ela,HcMo4ul.s.andMenmHo« 

Behavior  Vto/M;  fibrous  monoliths  with 

The  microstructure  alumina  cells  are  flattened 

aligned  fibers  is  shown  in  ^‘2. .  (Pig_  i(C))  ranging  from 

by  the  forming  *  (A))  from  100  to  160  t^m.  Only 

60tol00^.m.andw^  h(Fl|  the 

short  cell  lengths  up  ng  could  actually  have  contin^y 

micrographs  but  mdm^^^^  „,,i„tim  of  5.2  cm.  The 
and  extend  for  long  d  frnm  I  to  15  ixm. 


phases  present  were  ‘'{^'‘por^free^by^scan^  elec- 

W  alumina  5  ^^e  material  was 

iron  microscopy,  IriL  leee  Fie  1(B)).  From  the  theoreti- 
present  at  the  cell  and  nickel  metal,  the 

cal  density  of  alumma( +  4  vol%  ^  )  ^  ^g  .phe 

volume  a  density  of  4.13 

alumina/mckel  billet  '  .  "j^a  with  about  3  vol%  nickel. 

g/cm^  which  is  equiva  sections  containing  8 

From  optical  microscopy  of  b  l  et  cross  sec 

vol%  nickel,  the  color  of  the  ^  s),  m  gray  in  the 

tn  the  centraUecuon  ^  ^^hite  die 

outer  layers  (1-mm  tbictoes  ),  ^ 

walls  dunng  q  ^own  to  be  blue  in  color, 

erately  dark  green,  an  2  central  section  was  predom- 

X-ray  diffraction  mjcated  th  ^h^  ^  amount  of 

inantly  alumina  “‘I  ’  3  that  the  blue  coloration  is  due 

NiAl:04  and  ^^ace  Ni  •  PP  reaction  of  the  alu- 

to  trace  amounts  of  NiAU  4  !  m  ^ 

mina  with  some  NiO  *at  “  P  atial  distribution 

The  Young’s  modulus  °  °  33^,  343,  and  347 

alumina/8  vol%  Ni  fibrous  mo  lycrystalline  alumina 

GPa.  Yottng  s  modu'ds  of  densb 

(density  -  3.95  3. W  g  3  ^  modulus  of  205 

Nickel  metal  with  densi  y  ^  ^o^julus  of  the  alumina/nickel 
OP,..  The  low  «  ctiv.  fo,  appl.ca.ions 

S^Jmc  Sfness.  cs,«c,a,ly  in  comp.nson  w.th 

nickel  alloys.  Vickers  indentation  on  the  8  vol% 

Surface  damage  from  a  k 
Ni-fibrous  monolith  shown  m  g 

10_100  N  are  comparable  f  ^"^jerials  do  not  form.  The 

terns  typical  of  homogeneous  b  of  long  cracks. 

nickel  cell  boundaries  p  boundaries  are  seen  to 

Interfacial  cracks  ^al  fo™  alo  g  boundaries  some 

propagate  into  ^  cel  s  at  abouU5  ^to  the^  ^ 

distance  from  the  mden  .  .  confined  to  one  cell  width, 

mal  to  the  cell  are  gene  ^  y  ^he  top  and 

Deformation  and  Since  cells  are  only 

»  ”m  3«“™e  iatcal  cracks  from  inden.at.on  .Iso  cause 
.  some  parts  of  cells  to  spall. 

j.  (2)  alumina/8  vol%  Ni  fibrous 

5  monolith  is  shown  m  Fig.  3.  ^  displacement  for  a 

:  side  is  plotted  as  a  f  Jfress  vLe  is  meaning- 

d  3-mm-thick  bar  specimen.  P  j  which  elastic  beam 

s  ful  only  up  to  the  first  load  d  p.  b  y^^ 

equations  are  not  valid.  Peak  behavior,  retaining  about 

displays  noncatastrop  fracture  event.  Failure 

tb  40%  of  the  maximum  load  a  j  loading  points, 

is  inittates  on  the  3^”pT„im,ras.s.  The  std.  sur- 

face  ot*' al«"8  'Id 
shown  in  Fig.  4.  Both  cracK  u  bridged  across  the 

boundaries  and  «<>™X",es  ar)  “  Beyond  the  neutral 

ltd  “rS— 

'Cfl  cracked  specimen.  bounda^  affects  the  fracture 

om  Tbe  amount  of  nickel  at  the  cell  bouno  y  ^ 

"'y  behavior.  Two  bars  from  com  g  ^ 

the  were  tested.  Both  sainples  failed  m  a  bntu 

U'ty  two  The  strength  values  were  287  and  3  /b  Mr 


com^IfnSe'to  <°  Ni  intJckTearons°c  J  be^ch.eved. 
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Fig.  1.  Microstructure  of  alumina/nickel  fibrous  monolith  prepared  with  aligned  green  fibers.  The  nickel  cell  boundaries  appear  bright  in  the  SEM 
micrographs. 


indicate  that  a  minimum  amount  of  nickel  is  required  at  the  cell 
boundaries  to  prevent  brittle  fracture  in  flexure  bars. 

A  concern  in  uniaxial  structures  of  dissimilar  materials  is  the 
possibility  of  interfacial  cracking  preceding  other  fracture 
events.  In  thick  bend  specimens,  the  applied  shear  stresses 
between  the  inner  and  outer  loading  points  are  high  and  can 
cause  delamination  cracking  when  interlaminar  shear  strengths 
are  low.‘-  *-^  For  a  thick  (4.5-mm)  bar  of  the  alumina/8  vol%  Ni, 
strength  was  246  MPa  and  the  sample  failed  in  a  noncata- 
strophic  manner.  Fracture  initiated  from  the  tension  side,  and 
not  by  midplane  shear  delamination.  For  an  applied  tensile 
stress  of  246  MPa,  the  maximum  applied  shear  stress  is  28  MPa 
for  this  specimen/fixture  configuration. ‘‘  The  absence  of  shear 
cracking  in  this  thick  sample  indicated  that  the  Ni/alumina 
interfaces  had  reasonably  high  shear  strengths  and  that  failure 
by  delamination  was  not  a  critical  issue. 

The  load-deflection  behavior  for  a  single-edge-notched 
beam  (SENB)  if  alumina/8  vol%  Ni  is  shown  in  Fig.  5.  Fracture 
is  noncatastrophic.  The  load  continues  to  rise  after  fracture  has 
begun,  followed  by  a  gradual  decrease  in  load.  The  SEM  micro¬ 
graph  in  Fig.  6(A)  shows  a  primary  crack  has  propagated 
straight  ahead  from  the  tip  of  the  notch.  The  primary  crack  was 
observed  at  the  first  sign  of  nonlinearity  in  the  load-deflection 
curve.  With  further  crosshead  displacement,  a  secondary  crack, 
which  ran  almost  parallel  to  the  primary  crack,  was  initiated  at 
the  tip  of  the  notch.  As  is  evident  from  Fig.  6(A),  there  is  some 
tendency  for  crack  deflection  along  the  cell  boundaries,  and  also 
thick  ligaments  of  Ni  bridging  the  crack  surfaces.  In  Fig.  6(B), 
the  fractured  surface  of  a  section  of  a  notched  beam  pulled  apart 


after  the  test  shows  ductile  ridges  of  Ni,  as  well  as  plastic  rup¬ 
ture  of  a  long  nickel  section  by  void  growth,  both  typical  of 
metal  fracture.^-^'^ 

The  A',,  calculated  from  the  maximum  load  was  5.8  MPa- 
m'  l  This  value  is  slightly  higher  than  typical  values  for  alu¬ 
mina,  but  the  toughness  from  notched  beams  is  also  affected  by 
experimental  parameters  such  as  notching  techniques  and  notch 
width.'*  ’’^  The  important  observation  here  is  that  fracture  is  not 
catastrophic  from  a  stress  concentration  in  a  flexure  specimen 
of  the  fibrous  monolith. 

The  load-deflection  behavior  for  a  SENB  specimen  of  the 
alumina/3  vol%  Ni  fibrous  monolith  is  shown  in  Fig.  7.  Here, 
the  first  fracture  event  immediately  results  in  a  load  decrease. 
Once  the  crack  has  initiated,  the  thinner  nickel  cell  boundary 
network  results  in  less  load-bearing  capability.  But  the  sample 
with  only  3  vol%  Ni  continues  to  sustain  load  with  further 
crosshead  displacement  and  does  not  break  in  two.  The  mode  I 
fracture  toughness  calculated  from  the  peak  load  was  6.2 
MPa-m*^^ 

A  noteworthy  feature  in  the  flexural  response  of  the  alumina/ 
nickel  fibrous  monolith  is  that  noncatastrophic  fracture  behav¬ 
ior  is  observed  in  spite  of  infrequent  occurrence  of  plastically 
stretched  ligaments  of  nickel.  The  ligaments  are  generally  thin 
(1  to  15  fxm),  and  only  the  thicker  metal  elements  appear  to 
bridge  crack  surfaces  (Fig.  6(A)).  The  thickness  effect  is  consis¬ 
tent  with  other  investigations^*^  on  metal-toughened  ceramics 
which  have  shown  that  the  toughening  contribution  (i.e.,  work 
of  stretching)  from  the  metal  increases  with  ligament  size.  The 
Ni  cell  boundaries  are  thin,  but  the  nickel  is  present  in  the  form 
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Fie.  2.  SEM  micrograph  showing  indentation  fracture  in  an  alumina/ 
nickel  fibrous  monolith  (load  =  100  N).  Indented  surface  was  parallel 
to  the  hot-pressing  direction.  Arrows  indicate  cracks  propagating  into 
cells  from  the  cell  boundaries. 


300 


Crosshead  Displacement  (pm) 


Fig.  3.  Flexural  strength  behavior  of  aligned-fiber  alumina/8  vol% 
nickel.  Thickness  of  flexure  specimen  was  3  mm. 


Fie  4.  SEM  micrograph  showing  side  surface  of  aluminas  vol% 
nickel  bend  specimen  after  test.  Arrows  indicate  cracking  along  cell 
boundaries  and  nickel  ligaments  that  had  bridged  the  crack  surfaces. 


100 
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Fig.  5.  Load-deflection  behavior  for  a  notched  beam  of  the  alumina/ 
8  vol%  nickel  fibrous  monolith  in  flexure. 


of  interconnected  thin-walled  tubes  which  are  filled  with  dense 
Dolycrystalline  alumina.  It  is  this  contiguous  network  form  of 
nickel,  at  only  8  vol%  of  the  composite  structure,  that  imparts 
toughness  to  the  material  and  prevents  brittle  fracture  m 
strength  specimens.  In  SENB  specimens,  as  little  as  3  vol% 
nickel  in  the  form  of  a  cell  boundary  network  is  enough  to  pre- 

vent  brittle  fracture.  ^  ^ 

The  effect  of  indentation  on  strength  behavior  of  alumina/b 
vol%  Ni  is  shown  in  Fig.  8(A).  Fracture  is  not  catastrophic,  and 
strength  is  essentially  unchanged  (251  MPa).  Indentation  does 
not  result  in  strength-degrading  flaws  (Section  III(l).  *“‘8- 
The  SEM  micrograph  of  the  tension  side  of  this  specimen 
shown  in  Fig.  8(B)  confirms  that  failure  does  not  initiate  from 
the  indent. 

(3)  Effect  of  Oxidation 

The  effect  of  heat  treatment  at  1200°C  on  the  room-itempera- 
ture  flexural  strength  behavior  of  the  alumina/8  vol%  nickel 
fibrous  monolith  is  compared  with  an  untreated  sample  in 


Fig.  9.  Fracture  is  noncatastrophic,  and  the  apparent  str^gth  is 
216  MPa.  The  effect  of  heat  treatment  on  the  load-deflection 
behavior  of  a  notched  beam  is  shown  in  Fig.  10.  The  specirnen 
does  not  fail  in  a  brittle  manner.  Significant  load-bearing  ability 
is  recorded  after  a  crack  has  propagated  from  the  notch.  For  the 
heat-treated  notched  beam,  the  calculated  from  the  loai^ 
notch  depth,  and  specimen  dimensions  is  5.9  MPa  m  %  which 

is  almost  the  same  as  for  the  untreated  material. 

The  side  surface  of  the  flexure  bar  after  the  test  is  shown  in 
Fig.  1 1.  The  optical  micrograph  in  Fig.  1 1(A)  shows  the  surface 
of  the  bar  has  turned  bluish-green  on  heat  treatment.  The  bar 
remains  intact  after  significant  bending  during  the  test.  The 
SEM  micrograph  in  Fig.  1 1(B)  illustrates  the  fracture  path.  The 
primary  crack  has  deflected  along  a  cell  boundary  in  the  mid¬ 
section  of  the  bar,  leading  to  additional  crack  branching  both  on 
the  left  and  right  of  the  main  crack. 

X-ray  diffraction  of  the  side  surface  of  the 
indicates  that  the  major  phase  is  alumina,  with  NiO,  NiAl.Uj, 
Ni.  and  tetragonal  ZrO.  as  the  minor  phases.  Optical  micro¬ 
scope  examination  of  a  polished  section  of  a  specimen  oxidized 
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Fig.  6.  SEM  micrographs  showing  (A)  side  surface  of  alumina/8  vol% 
pulled  apart  after  the  test. 


nickel  notched  beam  after  test  and  (B)  fracture  surface  of  a  notched  beam 


lOh  at  1200T  shows  that  the  cell  boundaries  on  the  surface 
have  turned  bluish-green.  The  color  extends  to  a  depth  of  50  to 
100  ixm,  or  about  a  half-cell  deep.  The  green  NiO  color  pre¬ 
dominates  in  the  deeper  ponion  of  the  colored  region,  with  blue 
NiAl.O^  present  nearer  the  surface.  This  suggests  that  the  nickel 
aluminate  forms  by  reaction  of  the  NiO  with  the  alumina  in  the 
adjacent  cells.  Since  the  bulk  of  the  alumina/Ni  material  is 
unaffected  by  the  1200°C(10-h)  heat  treatment,  the  fracture 
behavior  is  unchanged. 

The  depth  of  the  oxidized  cell  boundary  network  correlates 
well  with  a  NiO  scale  thickness  of  60  ixm  expected  after  a  simi¬ 
lar  heat  treatment  on  pure  nickel,  assuming  a  parabolic  rate  con¬ 
stant  of  10  g-  /(cm"-s)  for  Ni  oxidation.-'*-'  The  first  oxidation 
product,  semiconducting  NiO,  would  be  relatively  unprotec- 
tive.  However,  reaction  with  the  alumina  cells  would  seal  the 
cell  boundaries  with  nickel  aluminate.  which  has  a  lower  elec¬ 
trical  conductivity.  This  should  result  in  better  oxidation  resis¬ 
tance.  In  nickel-base  supperalloys,  the  formation  of  aluminum- 
containing  oxides  is  very  desirable  for  oxidation  resistance.-' 


Fig.  8.  ( A)  Flexural  strength  behavior  of  aligned-fiber  alumina/nickel  showing  effect  of  indentation.  (B)  SEM  micrograph  of  the  tension  side  of  the 

indented  bar  specimen.  Failure  does  not  initiate  at  indent. 
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Fig.  7.  Load-deflection  behavior  for  a  notched  beam  ot  the  alumina/ 
3  \oW(  nickel  fibrous  monolith  in  flexure. 
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Fig.  9.  Room-temperature  flexural  strength  behavior  of  alumina/8 
vol%  nickel  fibrous  monolith  showing  effect  of  10-h  heat  treatment  at 
1200°C. 


The  oxidation  resistance  of  the  fibrous  monolith  can  possibly 
be  improved  by  using  well-established  methods  for  protecting 
nickel  alloys."  ”  For  example,  using  a  Ni-Cr  alloy  wth  5-20 
wt%  Cr,  or  simply  using  alumina-formers  such  as  MCrAlY 
(M  =  Ni,Co)  overlay  materials  as  the  cell  boundary  phase,  may 
significantly  improve  the  resistance  of  the  fibrous  monolith  to 
high-temperature  degradation. 

(4)  Concluding  Remarks 

Nickel  is  the  first  example  of  a  ductile  phase  incorporated 
into  a  fibrous  monolith  structure  as  the  cell  boundary  by  reduc¬ 
tion  of  the  oxide  during  firing.  Other  metals  (e.g.,  Fe)  could  also 
be  introduced  as  the  cell  boundary  phase  by  this  method,  pro¬ 
vided  the  thermodynamics  favor  reduction  of  the  corresponding 
metal  oxides  in  carbon-rich  or  reducing  environments.  Alterna¬ 
tively,  a  slurry  of  a  fine  metal  powder  may  be  used  to  coat  the 
green  ceramic  fiber. 

The  alumina/nickel  fibrous  monolith  also  has  potential 
because  of  its  low  cost.  The  alumina  powder  is  inexpensive,  and 
the  most  expensive  NiO  powder  is  used  only  in  small  quantities. 
In  this  study,  hot-pressing  was  used  for  convenience,  but  the 
material  can  be  densified  by  sintering.  Alumina/nickel  particu¬ 
late  composites-  and  laminates*^  have  been  densified  by  pres¬ 
sureless  sintering.  Other  alumina-based  fibrous  monoliths  have 
also  been  sintered  to  full  density."  Sintered  alumina/nickel 


Fig.  10.  Room-temperature  load-deflection  behavior  of  alumina/8 
vol%  nickel  notched  beam  showing  effect  of  lO-h  heat  tretmem  at 
I200°C. 

fibrous  monolith  could  be  a  cost-effective  high-temperature 
engineering  material. 

IV.  Conclusions 

Fibrous  monolithic  ceramics  can  be  fabricated  with  polycrys¬ 
talline  alumina  cells  with  thin  ribbons  of  nickel  as  cell  bound¬ 
aries.  Uniaxially  aligned  alumina/Ni  fibrous  monoths  with  8 
vol%  Ni  have  flexural  strengths  in  the  range  of  246-375  MPa. 
Fracture  is  noncatastrophic,  with  retained  loads  up  to  40%  of 
the  peak  load.  Fracture  occurs  by  tensile  cracking.  Bridging 
ligaments  of  Ni,  crack  deflection  along  alumina/Ni  cell 
boundaries,  and  crack  branching  in  the  axial  directions  can  be 
observed.  Strength  is  not  significantly  degraded  by  lOO-N 
Vickers  indentations.  Uniaxially  aligned  alumina/Ni  fibrous 
monothis  with  3  vol%  Ni  have  brittle  fracture  in  flexure.  The 
3  voi%  Ni  and  8  vol%  Ni  specimens  display  noncatastrophic 
fracture  in  the  single-edge-notched  beam  test.  Failure  begins  at 
a  load  corresponding  to  a  -  5.9  MPa-m"',  but  load  contin¬ 
ues  to  rise  after  fracture  initiates.  The  room-temperature  flex¬ 
ural  behavior  is  not  significantly  changed  by  10-h  oxidation  in 
air  at  1200°C.  suggesting  useful  oxidation  resistance.  The  NiO 
cell  boundary  oxidation  product  reacts  with  alumina  to  form 
nickel  aluminate  spinel. 

Acknowledgment!  Lynne  Svedberg  provided  valuable  assistance  in 
fiber  spinning. 
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A  method  for  the  preparation  of  a  fibrous  monolithic  ceramic 
which  exhibits  non-brittle  fracture  characteristics  from 
green  monofilament  ceramic  fibers  having  a  controlled  tex¬ 
ture.  This  method  includes  the  steps  of:  (a)  forming  a  first 
ceramic-laden  composition  includes  a  thermoplastic  poly¬ 
mer  and  at  least  about  40  vol.  %  of  a  ceramic  particulate  into 
a  substantially  cylindrical  core,  (b)  applying  a  layer  of  a 
second  ceramic-laden  composition  includes  a  thermoplastic 
polymer  and  at  least  about  40  vol.  %  of  a  ceramic  particulate 
which  differs  from  the  particulate  contained  in  the  first 
composition  onto  the  core  to  form  a  subsiantialiy  cylindrical 
feed  rod  having  an  average  initial  diameter,  (c)  extruding  the 
feed  rod  to  form  a  green  ceramic  monofilament  fiber  which 
has  an  average  diameter  that  is  less  than  the  average  diam¬ 
eter  of  the  feed  rod.  and  (c)  arranging  the  green  ceramic 
monofilament  fibers  into  a  desired  configuration  to  provide 
a  green  fibrous  monolith,  wherein,  during  the  extrusion  step, 
each  ceramic-laden  composition  has  a  viscosity  which  is 
approximately  equivalent  to  that  of  each  other  ceramic-laden 
composition,  and.  if  the  ceramics  present  in  the  extruded 
ceramic  monofilament  fiber  are  sintered,  a  plane  of  weak¬ 
ness  defined  by  the  interface  of  the  core  and  the  layer  is 
provided,  the  interface  being  relatively  weaker  than  the  core. 
The  green  fibrous  monolith  may  be  sintered  to  provide  a 
fibrous  monolith. 

14  Claims,  12  Drawing  Sheets 
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process  for  preparing  textured 

CERAMIC  COMPOSITES 


This  patent  was  made  with  U.S.  Govemment  support 
.,d?grant  numbers  NOOO 14-93- 1-0953  and  N00014-93-1- 
n5o2  awarded  by  the  Office  of  Naval  Research.  The  Gov- 
^Dincnt  has  certain  rights  in  the  invention  desenbed  herein. 

technical  field  of  THE  INVENTION 


The  wsent  invention  relates  to  methods  for  preparing 
textured  ceramic  composites,  such  as  fibrous  ceramic 
monoliths,  using  ceramic  green  fibers  as  well  as  to  metfa^ 
for  the  preparation  of  such  ceramic  green  fibers  having 
specific  textures. 

background  of  THE  PRESENT 
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Fracture  Behavior  of  the  SiC/Graphlte  System.”  7.  Am.  Cer. 
Soc'\'  76  (9)  pp.  2217-24  (1993):  S.  Baskaran  et  al.. 
“Fibrous  Monolithic  Ceramics.  HI:  Mechanical  Properties 
and  Oxidation  Behavior  of  the  SiC/BN  System.”  7.  Am.  Cer 
5  Socy  77  (5)  pp.  1249-55  (1994):  S.  Baskaran  ct  al.. 
“Fibrous  Monolithic  Ceramics.  IV:  Mechanical  Properties 
and  Oxidation  Behavior  of  the  Alumina/Ni  System.”  7.  Am, 
Ceramic  Socy  77.  (5)  pp.  1256-62  (1994):  and  D.  Popovic’ 
et  al.,  “Silicon  Nitride  and  Silicon  Carbide  Fibrous  Mono¬ 
lithic  Ceramics”  42  Silicon  Based  Structural  Ceramics  (B. 
W.  Sheldon  et  al.  eds..  Am.  Cer.  Soc’y.  Westerville.  Ohio. 
1994)  pp.  173-86.  In  these  newly  discovered  ceramic 
fibrous  monoliths,  the  ceramic  fibers  from  which  they  arc 
prepared  establish  a  plane  of  weakness  therein  by  usii^  a 
graphite  layer  or  a  boron  nitride  layer.  The  core  composition, 
in  contrast,  was  able  to  be  prepared  from  a  wide  variety  of 
ceramics  including,  c.g..  silicon  carbide,  silicon  nitride,  and 


INVENTION 

Attractive  properties  can  be  obtained  from  ceramic  com- 
nosites  having  a  texture  in  which  the  distribution  of  two  or  ^ 
more  materials  arc  weU  controUed.  An  example  of  such 
textured  ceramic  composites  are  fibrous  monolithic  ceram¬ 
ics  Unlike  ordinary  ceramics  which  abruptly  and  cata¬ 
strophically  suffer  tensHe  fracture,  fibrous  monoUths  have 
the  unique  property  of  non-brittle  fracture— they  gracefully  ^ 
split  and  delaminate,  like.  e.g..  wood,  thereby  providing  fw 
Don-catastrophic  failure.  This  property  is  of  great  value  in 
manv  appUcations.  e.g..  high  temperature  structural  appU- 
cations  such  as  those  encountered  by  engine  components  as 
well  as  a  number  of  other  automotive  structural  applications.  ^ 

A  more  detailed  description  of  the  structure  and  properties 
of  such  fibrous  monolithic  ceramics  is  provided  in  U.S. 

No.  4.772.524.  This  patent  discloses  a  fibrous  monolithic 
ircramic  body  as  comprising  a  plurality  of  compacted, 
coated,  and  sintered  fibers.  These  fibers  comprise  a  core  of 
a  first  ceramic  composition,  and  a  coating  on  that  core  of  a 
different  ceramic  composition.  This  coating  is  referredjo  as 
a  “debond  phase.”  and  serves  as  a  “plane  of  weakness,”  The 
particular  debond  phase  described  in  the  ’524  patent  is  said 
to  be  comprised  of  three  ceramics — aluminum  titanate, 
zirconia,  and  halfnia— all  of  which  possess  a  tendency  to 
spontaneously  microcrack-  By  providing  a  layer  of  these 
microcrackcd  ceramics,  it  was  found  that  the  desired  “plane 
of  weakness”  was  formed  in  the  fiber. 

It  is  this  plane  of  weakness  which  provides  a  fibrous  45 
monolith  prepared  using  such  a  fiber,  after  sintering,  with  a 
non-brittle  fracture  characteristic.  Specifically,  the  interface, 
which  defines  a  plane  of  weakness,  will  function  to  deflea 
a  crack  in  the  coating,  or  “debond  phase,  from  normal  to  the 
plane  of  weakness  to  a  direction  parallel  to  the  plane  of  50 
weakness.  Thus,  catastrophic  failure  of  the  fibrous  monolith 
prepared  using  such  fibers  is  avoided. 

The  ’524  patent  further  discloses  a  process  for  preparing 
such  fibrous  monolithic  ceramics.  This  process  comprises 
coating  a  fugitive  cotton  thread  by  passing  that  thread  first  55 
through  a  suspension  of  the  core  composition,  and  subse¬ 
quently  through  the  coating  composition,  to  provide  a 
ceramic  fiber.  These  fibers  are  then  arranged  together  to 
form  the  desired  fibrous  monolith. 

Since  the  issuance  of  the  ’524  patent,  new  varieties  of  60 
fibrous  monolithic  ceramics  have  been  discovered.  See.  e.g.. 

S.  Baskaran  et  al..  “SiC-Based  Fibrous  Monolithic 
Ceramics.”  Ceramic  Sci.  &  Eng.  Proc.  14  (9-10)  pp. 
813-823:  S.  Baskaran  ct  al..  ‘Tibrous  Monolithic  Ceramics. 

I*  Fabrication.  Microstructure,  and  Indentation  Behavior.”  7.  65 
Am.  Cer.  Soc'y  76  (9).  pp.  2209-16  (1993);  S.  Baskaran  et 
al..  “Fibrous  Monolithic  Ceramics.  H:  Flexural  Strength  and 


alumina. 

In  conjunction  with  or  shOTtly  after  the  discovery  of  die 
aforementioned  new  materials,  new  methods  for  preparing 
the  ceramic  fibers  used  to  fabricate  fibrous  monoliths  were 
also  discovered.  Specifically,  it  was  taught  that  the  core  of  a 
green  ceramic  fiber  could  be  prepared  either  by  dry  spinning 
or  melt  spinning  a  composition  comprising  a  polymer  and 
ceramic  powder.  To  complete  the  ceramic  fiber,  it  was 
further  taught  that  the  coaling  layer  was  to  be  subsequently 
applied  by  dipping  the  core  into  a  slurry  of  the  debond  phase 
composition. 

Three  U.S.  patents  have  issued  which  involve  the  extru¬ 
sion  of  a  mixture  of  a  ceramic  powder  and  a  polymer  to  form 
a  fiber.  The  first  patent.  U.S.  PaL  No.  4.908340.  discloses 
the  extrusion  of  ceramic  green  fibers  by  melt  spinning  a 
mixture  of  thermoplastic  polymers  and  ceramic  powders. 
The  second.  U.S.  Pat  No.  4.990.490.  describes  a  process  for 
the  thermoplastic  extrusion  of  green  fibers  from  supercon¬ 
ducting  ceramics  which  are  subsequently  coated  with  metal 
powders.  The  third  patent.  U.S.  Pat.  No.  5.041348  describes 
the  extrusion  of  green  fibers  by  melt  spinning  {wlyisobuty- 
iene  with  ceramic  powders.  This  patent  further  discloses  that 
its  thermoplastic  extrusion  process  may  be  used  to  make 
sintered  ceramic  bars.  rods,  tubing,  or  fibers  from  ccramic- 
polymcr  mixtures.  The  mixtures  are  described  as  those  in 
which  the  polymer  aas  as  a  fugitive  vehicle,  it  being  later 
removed  during  the  heat  treatment  required  to  obtain  a 
sintered  ceramic  produa. 

In  summary,  fibrous  monoliths  have  traditionally  been 
fabricated  using  fibers  that  were  prepared  by  the  laborious 
process  of  dip-coating  previously  extruded  solid  caaimc 
cores  in  a  coating  composition  comprising  ceramics  and 
polymers.  Whfle  this  provides  a  textured  fiber,  it  is  slow, 
inconvenient  to  set-up  and  use.  difficult  to  control,  and  is 
unable  to  provide  a  uniformly-textured  fiber. 

Thus,  there  exists  a  need  for  a  more  efficient  method  for 
preparing  fibrous  monolithic  ceramics  which  exhibit  non- 
brittle  fraaure  charaacristics  using  green  ceramic  fibers. 
The  exists  a  further  need  for  a  method  by  which  the  texture 
of  fibers  used  to  prepare  such  monoliths  can  be  more  readily 
controlled. 

It  is  therefore  an  object  of  the  present  invention  to  provide 
a  relatively  efficient  method  for  i^eparing  fibrous  monolitluc 
ceramics  which  exhibit  non-brittle  fraaure  charaacristics 
from  green  ceramic  fibers. 

Another  object  of  the  present  invention  is  to  provide  a 
relatively  efficient  method  for  preparing  such  green  ceramic 
fibers  despite  the  presence  of  high  levels  of  ceramic  par¬ 
ticulate  loading  in  any  composition  from  which  the  fibers  arc 
prepared. 
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A  further  object  of  the  present  invention  is  to  provide  a 
green  ceramic  ftber  useful  for  preparing  fibrous  monolithic 
ceramics  in  which  the  texture  of  the  fiber  is  precisely 
controllable  within  defined  parameters. 

Yet  another  object  of  the  present  invention  to  provide  a 
method  for  increasing  the  strength  of  fibrous  monolithic 
ceramics. 

These  and  other  objects  and  advantages  of  the  present 
invention,  as  well  as  additional  inventive  features,  will  be 
apparent  from  the  description  of  the  invention  provided 
herein. 

BRIEF  SUMMARY  OF  THE  INVENTION 

In  one  aspect,  the  present  invention  provides  a  method  for 
the  preparation  of  a  fibrous  monolithic  ceramic  which  exhib¬ 
its  non-brittlc  fracture  characteristics  from  green  monofila¬ 
ment  ceramic  fibers  having  a  controlled  texture.  This  method 
comprises:  (a)  forming  a  first  ceramic-laden  composition 
con^)rising  a  thermoplastic  polymer  and  at  least  about  40 
vol.  %  of  a  ceramic  particulate  into  a  substantially  cylindri¬ 
cal  core,  (b)  applying  a  layer  of  a  second  ceramic-laden 
composition  comprising  a  thermoplastic  polymer  and  at 
least  about  40  vol.  %  of  a  ceramic  particulate  which  differs 
from  the  particulate  contained  in  the  first  composition  onto 
the  core  to  form  a  substantially  cylindrical  feed  rod  having 
an  average  initial  diameter,  (c;  extruding  the  feed  rod  to 
form  a  green  ceramic  monofilament  fiber  which  has  an 
average  diameter  that  is  less  than  the  average  diameter  of  the 
feed  rod.  and  (e;  arranging  the  green  ceramic  monofilament 
fibers  into  a  desired  configuration  to  provide  a  green  fibrous 
monolith,  wherein,  during  the  extrusion  step,  each  ceramic- 
laden  composition  has  a  rheology  which  is  approximately 
equivalent  to  that  of  each  other  ceramic-laden  composition, 
and.  if  the  ceramics  present  in  the  extruded  ceramic 
monofilament  fiber  are  sintered,  a  plane  of  weakness  defined 
by  the  interface  of  the  core  and  the  layer  is  provided,  the 
interface  being  relatively  weaker  than  the  core.  Of  course, 
the  green  fibrous  monolith  may  be  sintered  to  provide  a 
fibrous  monolith. 

AnothCT  aspect  of  the  present  invention  provides  a  method 
for  the  preparation  of  a  fibrous  monolithic  ceramic  which 
also  exhibits  non-brittle  fracture  characteristics.  This 
method  is  the  same  as  that  described  in  the  preceding 
paragraph,  but  further  comprises  extruding  at  least  two  of 
the  green  monofilament  ceramic  fibers  substantially  simul¬ 
taneously  to  form  a  multifilament  green  ceramic  fiber,  and 
then  using  those  multifilament  fibers  to  prepare  a  green 
fibrous  monolith.  It  is  bcheved  that  the  use  of  such  mul- 
tifiJament  fibers  will  cause  the  fibrous  monolith  to  possess  a 
greater  strength  as  compared  to  a  fibrous  monolith  prepared 
using  monofilament  fibers. 

Further  aspects  of  the  present  invention  provide  methods 
for  the  preparation  of  the  mono-  and  multi-filament  fibers 
used  in  preparing  the  fibrous  monolithic  ceramics  in  which 
the  texture  of  the  fibers  may  be  readily  controlled. 

The  invention  may  best  be  understood  with  reference  to 
the  accompanying  drawings  wherein  illustrative  embodi¬ 
ments  are  shown  and  in  the  following  detailed  description  of 
the  preferred  embodiments. 

BRIEF  DESCRIPTION  OF  THE  DRAWINGS 

FIG.  1  is  a  photograph  of  a  molded  core  for  a  feed  rod 
prepared  in  accordance  with  a  method  of  the  present  inven¬ 
tion. 

FIG.  2  is  a  photograph  of  one-half  of  a  cylindrical  shell 
which,  with  its  other  half,  is  used  to  clad  the  molded  core 
depicted  in  FIG.  1. 
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FIG.  3  is  a  photograph  of  the  assembled  feed  rod  which 
comprises  the  core  depicted  in  RG.  1  and  two  one-half 
cylindrical  shells  depicted  in  FIG.  2. 

FIG.  4  is  a  photomicrograph  of  an  axial  aoss-section  of 
5  a  monofilament  green  fiber  prepared  in  accordance  with  a 
method  of  the  present  invention. 

FIG.  5  is  a  photomicrograph  of  a  longitudinal  cross- 
section  of  a  monofilament  green  fiber  prepared  by  a  method 
of  the  present  invention. 

10  pjQ  ^  [5  ^  photomicrograph  of  an  axial  cross-section  of 
a  monofilament  green  fiber  prepared  by  a  method  of  the 
present  invention  which  will  serve  as  one  filament  for  the 
preparation  of  a  multifilament  green  fiber. 

FIG.  7  is  a  photomicrograph  of  an  axial  cross-section  of 
a  multifilament  green  fiber  prepared  by  a  method  of  the 
present  invention. 

FIG.  8  is  a  photomicrograph  of  an  axial  cross-section  of 
a  textured  green  ceramic  fibrous  monolith  prepared  using  a 
2Q  multifilament  green  fiber  prepared  in  accordance  with  a 
method  of  the  claimed  invention. 

FIG.  9  is  a  photomicrograph  of  an  axial  cross-section  of 
a  pressure  sintered  ceramic/metal  monolith  having  zirco¬ 
nium  oxide  cells  and  metallic  nickel  cell  boundaries  which 
25  arc  separated  by  an  aluminum  oxide  intciphase.  which 
monolith  was  prepared  using  a  multifilament  green  fiber. 

FIG.  10  is  a  photomiCTOgraph  of  an  axial  cross-section  of 
a  filament  which  was  axially  extruded  in  a  manner  of  the 
present  invention  which  demonstrates  its  “tree  ring”  struc- 
30  turc. 

FIG.  11  is  a  photomicrograph  of  a  longitudinal  cross- 
section  of  a  filament  which  was  axially  extruded  in  a  manner 
of  the  present  invention  which  demonstrates  its  'Iree  ring” 
structure. 

35  FIG.  12  is  a  photograph  of  a  green  fibrous  monolith 
prepared  in  a  manner  of  the  present  invention  by  molding 
green  ceramic  filaments  having  a  “tree  ring”  structure. 

DESCRIPTION  OF  THE  PREFERRED 
EMBODIMENTS 

One  aspect  of  the  present  invention  provides  a  method  for 
preparing  fibrous  monolithic  ceramics  having  non-brittle 
fracture  charaaeristics  using  a  textured  ceramic  fiber  which 
has  been  prepared  by  the  simultaneous  extrusion  of  a 
particular  ceramic  feed  rod.  The  feed  rod  comprises  a  core 
prepared  from  a  first  ceramic  composition  and  a  shell  which 
surrounds  that  core  that  is  prepared  from  a  second,  and 
different,  ceramic  composition.  Each  of  the  compositions 
used  to  prepare  the  aforementioned  fiber  comprise  a  ceramic 
particulate  component  and  a  thermoplastic  polymer 
component,  the  latter  acting  as  a  fugitive  earner  for  the 
ceramic  particulates,  i.e..  the  polymer  is  removed  when  the 
fiber,  or  a  monolith  prepared  therefrom,  is  subjeaed  to  high 
temperatures,  such  as  those  required  to  sinter  the  ceramic 
particles  present  in  the  coII^K>sitions. 

Specifically,  this  aspect  of  the  present  invention  com¬ 
prises  fOTining  a  first  ceramic-laden  composition  comprising 
a  thermoplastic  polymer  and  at  least  about  40  vol.  %  of  a 
ceramic  particulate  into  a  substantially  cylindrical  core. 
Subsequently,  a  layer  of  a  second  ceramic-laden  composi¬ 
tion  comprising  a  thermoplastic  polymer  and  at  least  about 
40  vol.  %  of  a  ceramic  particulate  which  differs  from  the 
ceramic  particulate  contained  in  the  first  composition  is 
applied  onto  the  core  to  form  a  substantially  cylindrical  feed 
rod. 

Prior  to  the  discovery  of  the  present  invention,  it  was 
appreciated  by  those  skilled  in  the  art  that  the  introduction 
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of  such  relatively  high  levels  of  ceramic  particulates,  e.g.. 
above  about  40  vol.  %.  into  thermoplastic  polymers  would 
make  the  extrusion  of  such  loaded  polymers  very  difficult 
One  of  the  reasons  for  this  is  the  dramatic  changes  that  occur 
in  the  rheology  of  the  molten  polymer  mixture.  Specific^y.  5 
such  mixes  were  known  to  possess,  at  least  significant  yield 
stress  and  a  much  higher  viscosity  as  compared  to  the 
unfilled  polymer.  Until  the  discovery  of  the  present 
invention,  then,  such  problems  were  thought  to  foreclose  the 
ability  of  one  to  successfully  extrude  more  than  one  such 
composition  simultaneously.  Lc..  using  two  continuous 
extruders  to  feed  two  such  molten  polymer  compositions 
through  a  complex  cocxtnision  die.  and  still  obtain  a  usable 
green  ceramic  fiber  therefronL  One  of  the  aspeas  of  the 
present  invention  is  the  recognition  that  a  desired  geometry  j 
in  the  fiber  produa  may  be  obtained  by  extruding  a  “con¬ 
trolled  geometry"  feed  rod.  i.c..  the  desired  fiber  geometry  is 
acated  in  the  feed  rod  itself.  This  method  allows  a  fiber  of 
a  particular  desired  texture  to  be  prepared  by  simple  piston 
extrusion  through  a  simple  extrusion  die.  - 

In  order  to  provide  a  fibrous  monolith  having  non-brittle 
fracture  charaaeristics.  the  components  which  compnsc  the 
compositions  from  which  the  feed  rod  is  prepared  should  be 
seleaed  so  that,  if  one  sinters  the  extruded  cerarmc  fiber,  a 
plane  of  weakness  defined  by  the  interface  of  the  core  and  ; 
the  layer  is  provided,  wherein  the  interface  is  relatively 
weaker  than  the  core.  Although  specific  examples  of  mate¬ 
rials  which  will  provide  a  fiber  having  such  attributes  will  be 
provided  herein,  the  selection  of  such  materials  is  well 
within  the  means  of  one  skilled  in  the  art  due  to  the  ; 
availability  of  published  materials  on  the  subjea  of  fibrous 
monolithic  ceramics. 

In  preparing  the  ceramic-laden  compeuads  used  in  the 
inventive  methods,  the  fine  ceramic  powder  will  typically  be 
blended  with  a  fiber-forming  polymer  and.  advantageously, 
one  or  more  processing  aids.  Most  fiber-forming  thermo¬ 
plastic  polymers  can  be  used  in  the  compositions  of  the 
present  invention,  but  preferred  polymer  systems  are  the 
highly  flexible  polymers  and  copolymers,  advantageously 
ethylene  polymers  and  copolymers,  and  preferably 
polyethylene,  ethylene-ethyl  acetate  copolymers  (“EEA") 
(e.g..  DPDA-618NT,  Union  Carbide)  and  ethylene-vinyl 
acetate  copolymers  (**EVA”)  (e.g..  ELVAX  470,  E.  L  DuPont 
Co.). 

A  wide  variety  of  powder  ceramics  may  also  be  used  in 
the  ceramic-laden  compositions,  affording  a  wide  flexibility 
in  the  composition  of  the  ultimate  textured  ceramic  com¬ 
posite.  Advantageously,  powders  which  may  be  used  in  the 
first  ceramic- laden  composition  to  provide  the  core  of  the 
feed  rod  include  ceramic  oxides,  ceramic  carbides,  ceramic 
nitrides,  ceramic  borides,  and  silicidcs.  Preferred  powders 
for  use  in  that  composition  include  aluminum  oxide,  barium 
oxide,  beryllium  oxide,  calcium  oxide,  cobalt  oxide,  chro¬ 
mium  oxide,  dysprosium  oxide  and  other  rare  earth  oxides, 
lanthanum  oxide,  magnesium  oxide,  manganese  oxide,  mo- 
bium  oxide,  nickel  oxide,  aluminum  phosphate,  lead  oxide, 
lead  titanaie.  lead  zirconate,  silicon  oxide  and  silicates, 
thorium  oxide,  titanium  oxide  and  titanates.  uranium  oxide. 
Yttrium  oxide,  yttrium  aluminate.  zirconium  oxide  and  its 
alloy‘d,  boron  carbide,  iron  carbide,  halfnium  carbide, 
molybdenum  carbide,  silicon  carbide,  tantalum  carbide, 
titanium  carbide,  uranium  carbide,  tungsten  carbide,  ^co- 
nium  carbide,  ceramic  nitrides  including  aluminum  nitride, 
cubic  boron  nitride,  silicon  nitride,  titanium  oiiride.  uranium 
nitride,  yttrium  nitride,  zirconium  nitride,  aluminum  bonde. 
halfnium  boride,  molybdenum  boride,  titanium  boride,  zir¬ 
conium  boride,  and  molybdenum  disilicide. 
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In  regard  to  the  powders  suitable  for  use  in  the  second 
composition,  the  composition  which  provides  the  debond 
layer,  there  are  advantageously  included:  agents  known, 
from  the  available  literature,  to  acate  w’cak  interfaces  such 
as  fluoromica.  tin  oxide  and  lanthanum  phosphate:  agents 
known,  from  the  available  literature,  to  aeate  porosity  in  a 
layer  which  function  to  create  a  weak  interface;  graphite 
powders  and  graphite -containing  powder  mixtures:  and  hex¬ 
agonal  boron  nitride  powder  and  boron  nitride-containing 
powder  mixtures.  If  a  metallic  debond  phase  is  desired, 
reducible  oxides  of  metals  may  be  used.  e.g..  nickel  and  iron 
oxides,  or  powders  of  metals,  e.g..  nickel,  iron,  cobalt,  or 
their  alloys. 

In  regard  to  ceramic  powder  size,  ultrafine  powders  have 
been  successfully  used.  e.g..  HSY-3.0  zirconia  (a  specific 
surface  area  of  7.0  m*/g  and  an  average  particle  size  of  1 
micrometer,  available  from  Daichi  Kigenso)  and  Cabot® 
Black  Pearl  2000  carbon  black  (a  specific  surface  area  of 
1500  m'/g  and  an  average  particle  size  of  12  nanometers. 

»  available  from  Cabot  CorpOTation).  However,  relatively 
coarse  powders,  e.g..  those  having  average  diameters  above 
about  5  |JLm  and  up  to  about  10  pni.  may  also  be  used 
successfully  in  the  ccramic-iadcn  compositions,  e.g..  an  80^ 
aickci/20%  chromium  alloy  powder. 

’  The  level  of  powder  loading  in  each  composition  should 
range  from  at  least  about  40  vol.  %.  and  may  advantageously 
range  from  about  40  vol.  %  to  about  70  vol.  %.  Preferably, 
the  loading  may  comprise  about  50  vol.  These  levels  are 
seleaed  in  order  to  provide  good  sintering  behavior  of  the 
^  powder.  Additional  amounts  of  processing  aids,  as  described 
further  in  the  following  paragraph,  may  be  added  to  unprove 
the  dispersion  of  the  powder  within  the  composition,  par¬ 
ticularly  when  the  powder  loading  exceeds  about  60  vol.  %. 

As  mentioned  in  the  previous  paragraph,  a  processing  aid 
^  is  advantageously  included  in  the  compositions  in  order  to 
reduce  the  viscosity  of  the  polymer  compositions,  aid  in  the 
dispersion  of  the  powder  in  the  compositions,  and  aa  as  a 
lubricant  for  the  compositions  during  extrusion.  Many  dif¬ 
ferent  oils,  waxes,  stearates,  and  fatty  acids  may  be  used. 

^  with  preferred  processing  aids  including  mcthoxypolycth- 
ylenc  glycol  having  a  MW  of  about  550  (e.g..  MPEG  550  or 
Carbowax®  550.  Union  Carbide)  and  raincral  oil.  such  as 
heavy  raincral  oil  (Mineral  OU  White.  Heavy.  Labguard®) 
or  tight  mineral  oil  ((Mineral  OU  White.  Light.  Labguard®) 

^  because  they  do  not  significanUy  degrade  weaken  or 
embrittle  the  green  ceramic  fiber. 

It  was  determined  that  the  compounding  or  mixing  of  the 
powders  with  the  polymer  and  processing  aids  may  be 
Q  accomplished  according  to  procedures  known  in  the  art  of 
plastics  compounding,  despite  the  faa  that  the  filler  loading 
is  higher  than  that  experienced  in  typical  plastic  composi¬ 
tions.  As  will  be  appreciated  by  those  skilled  in  the  art. 
however,  different  powder/polymcr/processing  aid  combi- 
15  nations  require  stiffly  different  compounding  techniques 
for  providing  the  proper  dispersion  of  those  components  in 
the  ceramic-laden  composition. 

After  the  feed  rod  has  been  prepared  from  the  appropriate 
ceramic/polymer  compositions,  it  is  extruded  thrtwgh  an 
50  extrusion  die  to  frovide  the  desired  green  ceramic  fiber. 
When  the  feed  rod  is  the  same  shape  as  the  orifice,  as  for 
example  when  both  are  round  (the  feed  rod  being  substan¬ 
tially  cylindrical),  and  certain  other  conditions  are  met.  the 
flow  field  of  the  cxtrudaic  is  such  that  there  is  little  or  no 
65  axial  distortion.  Thus,  the  present  invention  provides  a 
method  by  which  feed  rods  with  a  certain  axially  symmetric 
pattern  or  texture  on  a  coarse  scale  can  be  extruded  to  form 
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a  nearly  identical  version  of  that  panem.  but  on  a  smaller 
scale.  One  is  able  to  obtain  such  small  scale  axial  texture  in 
a  ceramic  fiber  by  the  coextrusion  of  an  axially  symmetric 
feed  rod. 

For  example,  consider  the  scenario  wherein  one  desires  to  ^ 
prepare  a  300  pm  diameter  green  fiber  having  a  250  pm 
diameter  core  of  material  A.  with  50  pm  thick  cladding  of 
material  B.  To  produce  this  fiber,  a  22  mm  controlled 
geometry  feed  rod  is  prepared  by  molding  material  to 
provide  a  core  rod  (a  solid  cylinder;  having  a  diameter  of 
18.3  mm.  and  combining  this  rod  with  a  hollow  cylindrical 
shell  (e.g..  provided  by  molding  two  half  cylindrical  shells 
that,  when  placed  onto  the  core,  will  provide  a  con^lcte 
cylindrical  shell)  that  has  been  molded  using  material  B. 
This  hollow  shell  has  a  thickness  of  3.7  mm.  Le.,  the  shell 
has  an  inner  diameter  of  18.3  mm  and  an  outer  diameter  of 
22  mm.  This  feed  rod  is  then  suitably  extruded  through  a  300 
pm  orifice  at  the  appropriate  temperature  and  pressure  to 
provide  the  desired  300  pm  green  ceramic  fiba. 

In  contrast  to  the  axial  symmetry,  however,  is  the  effect 
extrusion  has  upon  the  composition  in  the  radial  direction. 
Specifically,  in  the  radial  direction,  the  flow  field  present 
dining  extrusion  causes  distortions  which  result  in  the 
preparation  of  a  non-axially  symmetric  fiber.  For  example, 
when  one  provides  a  feed  rod  having  a  sequence  of  layers  of  ^ 
different  con^sitions  in  the  axial  direction,  such  layers  can 
be  dramatically  extended  by  the  flow  field  to  produce  a 
pattern  which  is  rather  like  tree  rings.  It  has  been  recognized, 
however,  that  this  effect  can  be  used  in  a  positive  manner  to 
create  another  distinct  type  of  fine-scale  texture  in  radially  ^ 
coextruded  ceramic  fibers. 

Despite  the  foregoing,  and  as  mentioned  in  a  previous 
paragraph,  preparing  a  ceramic  fiber  using  a  coextrusion 
method  which  possesses  the  same  axial  geometry  as  a  two 
component  feed  rod  is  difficult  The  extrusion  will,  if 
uncontrolled,  cause  distortion  in  the  geometry  of  the  feed 
rod  as  it  passes  through  the  extrusion  die.  In  order  to  avoid 
such  unwanted  distortion,  the  rheology  of  the  compositions 
being  extruded  should  be  substantially  identical.  ^ 
Advantageously,  and  further,  the  temperature  and  rate  at 
which  the  extrusion  is  conducted  should  also  be  selected  so 
as  to  minimize  the  distortion  in  the  geometry  of  the  feed  rod. 
One  particular  aspect  of  the  rheology  that  should  be  con¬ 
trolled  to  retain  this  geometry  is  the  viscosity  of  each 
composition.  More  specifically,  each  ceramic-laden  compo¬ 
sition  should  possess  a  viscosity  which  is  approximately 
equivalent  to  that  of  each  other  ceramic-laden  composition. 
Without  such  matching  and  careful  control,  flow  instabilities 
between  the  two  compounds  will  result,  yielding  a  fiber 
which  does  not  substantially  replicate  the  original  geometry 
of  the  feed  rod. 

.As  with  any  extrusion  process,  the  reduction  ratio  is 
another  important  parameter.  Although  certain  reduction 
ratios  are  provided  in  the  Examples  which  follow,  they  55 
should  be  considered  to  be  merely  illustrative,  and  not 
limiting.  In  the  particular  case  of  multifilament  coextrusion. 
which  will  be  discussed  in  a  subsequent  section,  it  should  be 
recognized  that  a  wide  variety  of  spatial  scales  of  the 
extrudate  can  be  obtained  by  varying  the  reduction  ratios  of 
the  first  and  second  extrusion  steps.  It  should  further  be 
noted  that  three  or  more  extrusion  steps  could  be  completed 
in  series  to  provide  a  fiber  of  a  very  fine  diameter. 

Moreover,  while  the  Examples  disclose  the  use  of  gener¬ 
ally  cylindrical  feed  rods,  the  claimed  invention  is  not  65 
necessarily  limited  to  that  geometry.  Other  shapes  could  also 
be  co-extruded  in  the  manner  of  the  present  invention. 


8 

If  desired,  and  after  the  feed  rod  has  been  extruded  and  a 
green  ceramic  fiber  has  been  provided  in  the  manner  of  the 
present  invention,  one  may  apply  at  least  one  further  layer 
of  a  ceramic- laden  composition  comprising  a  thermoplastic 
polymer  and  at  least  about  40  vol.  %  of  a  ceramic  particulate 
onto  the  fiber.  When  this  scenario  is  undertaken,  one  essen¬ 
tially  forms  another  feed  rod.  a  second  feed  rod.  This  second 
feed  rod  may  then  be  extruded  to  provide  a  green  monofila¬ 
ment  ceramic  fiber  having  multiple  layers  of  ceramic- laden 
compositions.  This  step  may.  if  desired,  be  repeated  any 
number  of  times.  A  second,  and  related,  scenario  provides 
for  a  further  layer  of  ccramic-ladcn  composition  being 
layered  onto  an  existing  layer  before  the  feed  rod  is 
extruded  i.e.,  the  core  material  may  be  surrounded  by  one. 
two.  or  several  layers  of  ceramic  compositions.  In  either 
scenario,  however,  the  ceramic  paniculate  in  each  further 
layer  should  differ  from  that  contained  in  the  composition 
onto  which  the  one  further  layer  is  applied 

After  one  ceramic  fiber  has  been  extruded  it  may.  if 
desired  be  extruded  with  at  least  one  other  such  fiber  of  the 
same  or  different  composition  and/or  texture  to  provide  a 
multifilament  ceramic  fiber.  This  may  be  achieved  by  mold¬ 
ing  a  number  of  such  fibers  to  form  a  new  multifilament  feed 
rod  and  then  extruding  that  newly  formed  feed  rod  This 
process  may  be  repeated  any  number  of  times  to  provide  a 
multifilament  fiber  having  very  small,  i.e..  fine,  filament 
diameters.  Of  course,  the  temperature  and  feed  rate  of  the 
multifilament  feed  rod  should  be  controlled  to  ensure  that 
the  geometry  of  the  feed  stock  is  not  altered  during  extru¬ 
sion.  The  multifilament  green  ceramic  fibers  provided  by  the 
foregoing  process  may  be  arranged  to  provide  a  green 
fibrous  monolithic  ceramic.  It  is  believed  that,  because  such 
fibers  contain  a  great  number  of  fine  filaments,  the  monolith 
prepared  from  such  fibers  will  possess  greater  strength  that 
monoliths  prepared  using  a  monofilament  fiber  of  an  equiva¬ 
lent  diameter. 

After  the  coextruded  product,  either  monofilament  or 
multifilament  has  been  prepared,  it  can  further  be  shaped  by 
known  means  to  produce  green  ceramic  articles,  such  as 
green  fibrous  monoliths.  Typically,  the  coextruded  fiber  or 
fibers  will  be  molded  by  pressing  in  an  appropriate  mold  at 
a  temperature  and  pressure  which  will  cause  the  fibers  to 
form  a  solid,  dense  body  from  the  individual  mono-  or 
multi-filament  fibers.  Any  shape  which  can  be  compression 
molded  or  otherwise  formed  by  plastic  deformation  can  be 
obtained  with  the  coextruded  product  The  molded  article 
thus  obtained  is  a  ceramic  ‘'green  body.”  The  ceramic  green 
body  so  molded  has  the  desired  texture  created  by  the 
arrangement  of  the  coextruded  fibers.  For  example,  a  uniaxi- 
ally  aligned  filx'ous  monolith  can  be  obtained  by  the  uniaxial 
lay-up  of  the  coextruded  fibers  prior  to  molding,  a  random 
felt  fibrous  monolith  can  be  obtained  by  molding  randomly 
arraigned  coextruded  fiber,  or  a  woven  architeaure  can  be 
obtained  by  molding  a  shape  from  previously  woven  coex- 
truded  green  fiber.  The  coextnided  product  permits  a  wide 
variety  of  composite  architectures  to  be  fabricated  in  a 
molded  green  body. 

Another  important  aspect  of  the  coextruded  product  is  that 
it  serves  as  a  ceramic  green  body,  and  hence  can  be  treated 
to  produce  a  ceramic  article.  This  implies  that  the  polymer 
and  organic  processing  aids  can  be  removed  by  one  of  the 
methods  commonly  employed  in  the  field  of  ceramics, 
without  damaging  the  molded  article.  One  such  example  of 
polymer  removal  (ot  “binder  burnout”)  is  slow  baking  the 
green  article  to  about  500®  C..  with  a  heating  schedule 
determined  by  the  characteristics  of  the  polymer,  the 
powder,  and  the  geometry  of  the  molded  article,  using 
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techniques  known  in  the  an  of  molded  ceramics  and  powder 
metallurgy.  The  ceramic  body  formed  thereby  may  then  be 
densified.  by  sintering  or  pressure  sintering,  to  produce  a 
high  quality  ceramic  article,  e.g..  a  fibrous  monolith. 

The  conditions  for  sintering  or  pressure  sintering  ^ 
peculiar  to  the  panicular  material.  For  a  given  materid 
system,  the  densification  conditions  for  textured  ceramic 
composite  made  from  coextruded  product  are  similar  to  the 
conditions  for  the  same  material  made  with  ordinary  powder 
processing.  Thus,  such  densification  conditions  can  be 
readily  determined  by  one  skilled  in  the  ceramic  aa 
The  following  examples  further  illustrate  the  present 
invention  but.  of  coune.  should  not  be  construed  as  in  any 
way  limiting  its  scope. 

example  1 

This  example  illustrates  the  preparation  of  a  silicon 
nitridc/boron  nitride  monofilament  fiber  in  accordance  with 
one  aspea  of  the  present  invention. 

1.  Silicon  nitride  compound; 

A.  Sinterabic  silicon  nitride  powder  (E-10.  USE 
Chemical.  Tokyo.  Japan)  mixed  with  sintering  aids  (9 
wt  %  yttria  powder  and  3  wt  %  alumina  powder):  37 .23 

g 

B.  Ethylene  Vinyl  Acetate  copolymer:  7.65  g 

C.  Heavy  Mineral  oil;  3.21  g 

2.  Boron  nitride  compound: 

A.  Boron  nitride  powder  (HCP.  Advanced  Ceramic 
Corporation.  Cleveland.  Ohio):  24.75  g 

B.  Ethylene  Vinyl  Acetate  copolymer:  10.34  g 

C.  Methoxypoly ethylene  Glycol  (MW  550):  0,75  g 
The  two  ceramic  compounds  were  prepared  separately. 

The  mixing  was  carried  out  in  a  Brabendcr  Plastograph 
blender  whose  mixing  bowl  was  preheated  to  about  120° 
C.“150°  C.  The  ethylene  copolymers  and  a  portion  of  the 
processing  aid  were  first  added  to  the  mixing  bowl  until  they 
were  melted  and  the  torque  reached  a  steady  value.  The  dry 
powders  were  then  added  incrementally  so  that  they  blended 
thoroughly  with  the  molten  polymer.  The  balance  of  the 
processing  aid  was  added  incrementally  with  the  powder. 
This  compounding  was  continued  until  the  apparent  viscos¬ 
ity  of  the  compound,  as  indicated  by  the  torque  rheometer 
function  of  the  Brabendcr  Plastograph.  reached  the  desired 
level.  For  this  example,  the  viscosity  of  the  boron  nimdc 
compound  was  adjusted  by  the  addition  of  processing  aid  in 
an  amount  such  that  its  viscosity  approximately  matched  the 
viscosity  of  the  silicon  nitride  compound.  i.e..  about  18.(X)0 
poise  at  170°  C.  The  mixed  compound  was  then  removed 
from  the  blender  and  cooled. 

A  feed  rod  was  molded  from  the  silicon  nitride  compound 
using  a  22  mm  cylindrical  mold.  To  accompUsh  this,  granu¬ 
lated  pieces  of  the  compound  were  loaded  into  the  mold  and 
then  molded  at  150°  C.  and  23.2  MPa.  After  cooUng.  the 
molded  feed  rod  was  ejected.  An  example  of  a  feed  rod 
prepared  by  this  process  is  illustrated  in  FIG.  1. 

Cylindrical  sheUs  of  the  boron  nitride  compound  were 
compression  molded  using  a  mold  to  create  a  shcU  of  the 
desired  dimensions.  To  accompUsh  this,  granulated  pieces  of 
the  compound  were  loaded  into  the  mold  and  subsequently 
molded  at  150°  C.  and  8.9  MPa  After  cooling,  the  sheU 
segments  were  removed  from  the  mold.  An  example  of 
shells  prepared  by  this  process  is  illustrated  in  FIG.  2. 

A  controlled  geometry  feed  rod  was  then  assembled  by 
combining  the  silicon  nitride  core  rod  with  the  two  boron 
nitride  half-cyUndrical  sheUs.  An  example  of  a  feed  rod 
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prepared  in  this  manner  is  illustrated  in  FIG.  3.  This  feed  rod 
was  then  loaded  into  the  extrusion  cyUnder  of  a  Bradford 
laborator/  fiber  extrusion  machine  (Bradford  University 
Research.  Bradford.  UK).  The  cyUnder  was  fitted  with  an 
5  g^Q'U5ioQ  die  having  a  285  iim  diameter.  Extrusion  was 
commenced,  and  conducted  at  about  165°  C.  A  monofila¬ 
ment  coextruded  silicon  oitride/boron  nitride  fiber  was 
obtained. 

The  cxmidatc  was  coUected  continuously  on  a  spooler. 

10  FIG.  4  illustrates  a  cross-section  of  a  representative 
monofilament  coextruded  fiber  prepared  by  the  foregoing 
method,  and  FIG.  5  shows  a  longitudinal  cross-section  of 
that  fiber. 

After  arranging  the  fibers  in  a  desired  architecture  and 
15  molding  them  to  a  desired  shape,  the  green  fibrous  mono- 
Uthic  ceramic  prepared  thereby  was  baked  to  remove  the 
binder.  The  resulting  fibrous  monoUth  was  pressure  sintered 
at  1750°  C. 

EXAMPLE  2 

20 

This  example  illustrates  the  preparation  of  a  silicon 
carbide/boron  nitride  monofilament  fiber  in  accordance  with 
one  aspect  of  the  present  invention. 

1.  Silicon  carbide  compound: 

A.  Sinterabic  silicon  carbide  powder  (B-10.  H.  C.  Starck. 
Newton.  Mass.)  mixed  with  sintering  aids  (11.1  wt  % 
aluminum  nitride  powder  and  8.9  wt  %  alumina 
powder):  39.41  g 

B.  Ethylene  Vinyl  Acetate  copolymer:  8.35  g 
^  C.  Heavy  Mineral  Oil:  2.54  g 

2.  Boron  nitride  compound: 

A.  Boron  nitride  powder  (HCP):  27.0  g 

B.  Ethylene  Vinyl  Acetate  copolymer:  11.28  g 

35  C.  Methoxypolycthylenc  glycol  [MW  5001:  0.87  g 

The  two  ceramic  compounds  were  prepared  separately  as 
in  Example  1.  For  this  example,  both  the  silicon  carbide 
compound  and  the  boron  nitride  compound  were  adjusted  to 
an  apparent  viscosity  of  about  13.000  poise  at  170°  C.  The 
40  mixed  compound  was  removed  from  the  blender  and  ctwled. 
As  in  Example  1.  a  feed  rod  was  molded  from  the  silicon 
carbide  compound  using  a  22  mm  cylindrical  mold.  Rat 
sheets  of  the  boron  nitride  compound  were  compression 
molded  by  squeezing  the  granulated  compound  between  flat 
45  steel  sheets  at  a  temperature  of  80°-150°  C.  After  cooling, 
the  flat  sheets  were  cut  to  the  desired  size  and  wrapped 
around  the  feedrod  of  the  silicon  carbide  compound.  The 
thickness  of  the  sheets  was  adjusted  to  achieve  the  desired 
ratio  of  boron  nitride  to  silicon  carbide.  A  controUed  geom- 
50  ctry  feedrod  was  then  assembled  from  the  boron  nitride 
wrapped  silicon  carbide  rod,  and  was  extruded  as  in 
Example  1  to  obtain  monofilament  coextruded  silicon 
carbide/boron  nitride  fiber.  The  extrudate  was  coUected 
continuously  on  a  spooler. 

55  After  arranging  the  fibers  in  the  desired  architecture  and 
molding  them  to  the  desired  shape,  the  resulting  ^cen 
fibrous  monolithic  ceramic  was  baked  to  remove  the  binder 
and  the  fibrous  monoUth  is  pressure  sintered  to  provide  the 
finished  fibrous  monolith  article. 

EXAMPLE  3 

This  example  illustrates  the  preparation  of  an  aluminum 
oxide/80%  mckel-20%  chromium  alloy  monofilament  fiber 
in  accordance  with  one  aspect  of  the  present  invention. 

1.  Aluminum  oxide  compound: 

A.  Sinterabic  aluminum  oxide  powder  ( A16SG.  ALCOA. 
Bauxite.  Ark.):  44.55  g 
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B.  Ethylene  Vinyl  Acetate  copolymer:  10.34  g 

C.  Heavy  Mineral  oil;  2.32  g 
2-  Nickel-Chroraium  compound: 

A.  Nickel -Chromium  powder:  92.40  g 

B.  Ethylene  Vinyl  Acetate  copolymer:  10.34  g 

C.  Methoxypolyethylene  Glycol  (MW  550 1:  0.35  g 

The  two  ceramic  compounds  were  prepared  separately  as 

in  the  preceding  examples  with  a  Br^ender  Plastograph  at 
about  150®  C.  The  aluminum  oxide  compound  was  adjusted 
to  an  apparent  viscosity  of  15.000  poise  at  150®  C..  and  the 
nickel-chromium  compound  to  an  apparent  viscosity  of 
about  13.000  poise  at  150°  C.  A  core  rod  was  molded  from 
Che  aluminum  oxide  compound  in  the  manner  set  forth  in  the 
prior  examples,  and  cylindrical  shells  of  the  nickel  oxide 
compound  were  compression  molded  to  create  a  shell  of  the 
desired  dimensions.  A  controlled  geometry  feedrod  was  then 
assembled  by  combining  the  core  rod  widi  the  two  half- 
cylindrical  shells.  This  feed  rod  was  loaded  into  the  extru¬ 
sion  cylinder  of  a  Bradford  laboratory  fiber  extrusion 
machine.  The  cylinder  was  fitted  with  an  extrusion  die 
having  a  285  micrometer  diameter.  A  monofilament  coex¬ 
truded  aluminum  oxide/nickel  oxide  fiber  was  obtained  by 
extruding  the  feed  rod  at  about  150°  C.  The  extrudate  was 
collected  continuously  on  a  spooler. 

After  airanging  the  fiben  into  a  desired  configuration  and 
molding  them  to  obtain  the  desired  green  fibrous  monolithic 
ceramic,  the  monolith  was  baked  to  remove  the  binder  and 
then  pressure  sintered  at  temperature  of  about  1350®  C.  to 
provide  a  fibrous  monolith. 

EXAMPLE  4 

This  example  illustrates  the  preparation  of  a  silicon 
carbide/boron  nitride  multifilament  fiber  in  accordance  with 
one  aspea  of  the  present  invention. 

1.  Silicon  carbide  compound: 

A.  Sinterable  silicon  carbide  powder  mixed  with  sintering 
aids  ( 11.1  wt  %  aluminum  nitride  powder  and  8.9  wt  % 
alumina  powder):  36. 13  g 

B.  Ethylene  Vinyl  Acetate  copolymer:  7.57  g 

C.  Polyethylene  Glycol  [MW  550}:  0.75  g 

2.  Boron  nitride  compound: 

A.  Boron  nitride  powder  24.75  g 

B.  Ethylene  Vinyl  Acetate  copolymer:  10.23  g 

C.  Methoxypolyethylene  Glycol  [MW  550):  0.75  g 

The  components  of  each  compound  were  mixed  in  the 

manner  set  forth  in  Example  2.  The  apparent  viscosity  of 
both  the  sUicoo  carbide  compound  and  the  boron  nitride 
compound  were  then  adjusted  to  an  apparent  viscosity  of 
about  14.500  poise  at  150®  C.  A  controUed  geometry  feedrod 
was  then  prepared  according  to  the  method  of  Example  1. 
and  2.3  mm  diameter  monofilament  fibers  were  provided  by 
extrusion  of  the  feed  rods.  An  example  of  those  extruded 
fibers  is  set  forth  in  FIG.  6. 

The  2.3  mm  monofilament  extruded  fibers  were  then  cut 
to  a  length  appropriate  for  a  feed  rod  and  bundled  together. 
About  65-70  of  the  2.3  mm  fibers  were  tightly  packed 
together  into  a  molding  cylinder,  wherein  they  were  molded 
at  150®  C.  to  form  a  multifilament  feedrod.  This  muitifila- 
ment  feedrod  was  subsequently  extruded  at  110°  C.  through 
a  2.3  mm  orifice  to  produce  multifiiament  rod.  as  illustrated 
in  FIG.  7. 

After  repeating  the  foregoing  steps  so  that  a  number  of 
multifiiament  fibers  arc  fx-epared.  a  number  of  such  fibers  arc 
arranged  into  a  desired  shape  and  molded  to  provide  a  green 
fibrous  monolithic  ceramic.  An  example  of  this  ceramic  is 
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set  forth  in  FIG.  8.  The  green  ceramic  monolith  was  then 
baked  to  remove  the  binder,  and  the  resulting  article  pressure 
sintered  to  provide  a  fibrous  monolith. 

5  EXAMPLE  5 

This  example  illustrates  the  preparation  of  a  silicon 
nitride/boron  nitride  multifiiament  fiber  in  accordance  with 
one  aspect  of  the  present  invention. 

1.  Silicon  nitride  compound: 

A.  Sinterable  silicon  nitride  powder  mixed  with  sintering 
aids  (9  wt  %  yttria  powder  and  3  wt  %  alumina 
powder):  37.23  g 

B.  Ethylene  Vinyl  Acetate  copolymer:  7.65  g 

C.  Heavy  Mineral  oil:  2.16  g 

D.  Mcthoxypolyctiiylcne  Glycol  [MW  550|:  1.0  g 

2.  Boron  nitride  con^und: 

A.  Boron  nitride  powder;  24.75  g 

B.  Ethylene  Vinyl  Acetate  copolymer:  10.34 

20  C.  Methoxypolyethylene  Glycol  [MW  550):  0.75  g 

The  components  of  each  composition  were  compounding 
in  the  manner  set  forth  in  Example  1.  The  apparent  viscosity 
of  both  the  silicon  nitride  con^>ound  and  the  boron  nitride 
compound  were  then  adjusted  to  an  apparent  viscosity  of 
25  about  1 8.000  poise  at  170®  C.  A  controlled  geometry  feedrod 
was  then  prepared  by  the  method  of  Example  1.  and  3  mm 
monofilament  fibers  were  prepared  by  extrusion  of  the  feed 
rod.  About  30-50  of  these  3  mm  monofilament  fibers  were 
then  cut  to  an  appropriate  length  for  a  feed  rod.  and  bundled 
^  together  and  molded,  in  the  manner  of  Example  4.  to  form 
a  multifiiament  feedrod.  The  multifiiament  feedrod  was 
subsequently  extruded  at  110®  C  through  a  3  mm  orifice  to 
produce  multifiiament  fiber.  After  preparing  a  number  of 
such  multifiiament  fibers  and  arranging  them  into  a  desired 
35  configuration,  the  configured  fibers  were  molded  to  provide 
a  green  fibrous  monolithic  ceramic.  This  monolith  was  then 
baked  to  remove  the  binder,  and  the  resulting  article  pressure 
sintered  to  provide  a  fibrous  monolith. 

40  EXAMPLE  6 

This  example  illustrates  the  preparation  of  an  alumina/ 
graphite  multifiiament  fiber  in  acccrdance  with  one  aspea  of 
the  present  invention. 

1.  Alumina  compound: 

A.  Sinterable  alumina  powder:  44.55  g 

B.  Ethylene  Vinyl  Acetate  copolymer:  10.23  g 

C.  Polyethylene  Glycol  [MW  550):  0.5  g 

2.  Graphite  compound: 

50  A.  Graphite  powder:  24.75  g 

B.  Ethylene  Vinyl  .Acetate  copolymer:  11.26  g 

C.  Polyethylene  Glycol  [MW  550):  0.5  g 

Each  of  the  compounds  were  compounded  in  the  manner 
set  forth  in  Example  1.  The  apparent  viscosity  of  both  the 
55  alumina  compound  and  the  graphite  compound  were 
adjusted  to  an  apparent  viscosity  of  about  19.000  poise  at 
170°  C.  A  controlled  geometry  feedrod  was  then  prepared  in 
accordance  with  the  method  of  Example  4.  and  2.3  ram 
diameter  monofilament  fibers  were  then  prepared  by  extrud- 
60  ing  the  feedrod.  These  3  ram  monofilament  coextruded 
fibers  were  then  cut  to  a  length  appropiatc  for  a  feedrod.  and 
bundled  together  and  molded  as  in  Example  4  to  provide  a 
feed  rod.  This  multifiiament  feed  rod  was  subsequently 
extruded  through  a  23  mm  orifice  to  produce  a  multifila- 
65  ment  ceramic  fiber. 

After  preparing  a  number  of  such  fiben.  arranging  the 
fibers  into  a  desired  shape,  and  molding  the  shaped  article. 


5.645.781 


‘Uth  was  then 
rticie  pressure 


of  a  silicon 
ordance  with 


^'ith  sintering 
•  alumina 


;  1.0  g 


i 

0.75  g 
ompounding 
ent  viscosity 
5oron  nitride 
viscosity  of 
leoy  feedrod 
L  and  3  mm 
n  of  the  feed 
:  fibers  were 
and  bundled 
e  4.  to  form 
eedrod  was 
im  orifice  to 
.  number  of 
ito  a  desired 
d  to  provide 
ith  was  then 
cie  pressure 


in  alumina/ 
ne  aspect  of 


the  manner 
'>f  both  the 
■und  were 
X)  poise  at 
prepared  in 
id  2.3  ram 
by  extrud- 
coextruded 
:edrod.  and 
^  provide  a 
bsequently 
i  raultiftla- 

aneing  the 
.^ed  articie. 


13 

a  sreen  fibrous  monolithic  ceramic  was  obtained.  This 
nioTiolith  was  then  baked  to  remove  the  binder,  and  subse¬ 
quently  sintered  to  provide  a  fibrous  monolith. 

example  7 


This  example  illustrates  the  preparation  of  a  zirconia 
oxide/aiuminum  oxide/nickel  oxide  multifUament 
accordance  with  one  aspea  of  the  present  invention.  This 
example  wiU  further  illustrate  the  preparation  of  a  zircoma/ 
nickei  fibrous  monolith,  wherein  an  aiumina  interphase 
exists  between  the  zirconia  and  the  nickel. 

1.  Zirconia  oxide  compound: 

A.  Sintcrablc  zirconia — 3  mole  percent  yttria  powder 
*66.99  g 

B.  Ethylene  Vinyl  Acetate  copolymer:  1034  g 

C.  Methoxypolycihylcne  Glycol  [MW  550]:  138  g 

2.  Aluminum  oxide  compound: 

A.  Sintcrablc  aluminum  oxide  powder:  44.55  g 

B.  Ethylene  Vinyl  Acetate  copolymer:  10.34  g 

C.  Methoxypolyethylene  Glycol  [MW  550]:  1.0  g 

3.  Nickel  oxide  compound: 

A.  Nickel  oxide  alloy  powder:  73.37  g 

B.  Ethylene  Vinyl  Acetate  copolymer:  10.34  g 

C.  Meihoxypoiycthyienc  Glycol  [MW  550):  138  g 
Each  of  the  compounds  were  compounding  in  the  manner 

set  forth  in  prior  Examples.  The  apparent  viscosity  of  both 
the  zirconia  compound  and  the  nickel  oxide  compound  were 
adjusted  so  that  they  were  simUar.  The  aluminum  oxide 
compound  was  prepared  according  to  the  method  set  forto  m 
Example  6.  A  feedrod  was  then  molded  from  the  zirconia  in 
the  manner  as  described  in  previous  examples.  Flat  sheets  of 
the  aiumina  compound  and  the  nickel  oxide  compound  were 
compression  molded  in  accOTdance  with  the  meth^  of 
Example  2.  The  thickness  of  the  sheets  were  controUed  to 
achieve  the  desired  ratio  of  nickel  to  zirconia  and  alumina  to 
zirconia  in  the  feed  rod.  The  alumina  sheet  was  then 
wrapped  around  the  zirconia  rod.  and  the  nickel  oxide  sheet 
was  wrapped  around  the  alumina  sheet  to  fabricate  the 
controUed  geometry  feedrod-  The  three-component  fe«^od 
was  then  extruded  to  provide  a  2.3  mm  monofilament  fil^ 
As  in  Example  4.  a  number  of  these  fibers  were  then  bundled 
to  create  a  multifiiamenl  feed  rod.  which  feed  rod  was  then 
extruded  as  before  to  f(xm  multifilament  fiber. 

.\ftcr  preparing  a  number  of  such  multifilamcnt  fibers, 
arranging  the  fibers  into  a  desired  sh^.  and  molding  the 
shaped  article,  a  green  fibrous  monoUthic  ceramic  was 
obtained.  This  monoUth  was  then  baked  to  remove  the 
binder,  the  nickel  oxide  was  reduced  to  metallic  nickel,  and 
subsequently  sintered  to  provide  a  fibrous  monoUth.  T^e 
three- layer  textured  zirconium  oxide/aiuminum  oxidc/mckel 
green  fiber  is  iilusirated  in  FIG.  9. 

example  8 

This  example  illustrates  the  preparation  of  a  “tree  ring 
texture  in  aluminum  oxidc/iron  oxide  fibers,  using  axial 
coextrusion,  in  accordance  with  one  aspect  of  the  present 
invention. 

1.  .Mumina  compound: 

A.  SLnterable  aiumina  powder:  44.43  g 

B.  Ethylene  Vinyl  Acetate  copolymer:  7.57  g 

C.  Methoxypolyethylene  Glycol  IMW  550]:  0.42  g 

2.  Iron  oxide  con^KHind: 

A.  Iron  oxide  (hematite)  powder:  57.64  g 

B.  Ethylene  Vinyl  Acetate  copolymer:  10.23  g 


14 

C.  Methoxypolyethylene  Glycol  550 1:  0.5  g 
The  aluminum  oxide  compound  and  the  iron  oxide  com¬ 
pound  were  compounded  as  in  previous  examples.  Usinv  -iic 
method  of  Example  6.  flat  sheets.  0.5  mm  thick,  utxe 
5  pressed  from  the  alumina  and  iron  compounds.  Using  a 
punch.  22  mm  diameter  discs  were  cut  from  these  sheets.  A 
feedrod  was  prepared  by  sucking  these  discs  in  a  particular 
sequence,  which  was  for  this  example,  three  white  alumi¬ 
num  oxide  discs,  one  red  iron  oxide  disc.  etc.  After  com- 
10  pressioo  molding  that  suck  at  a  temperature  of  160°  C.  and 
a  load  of  10.0(X)N.  solid  feed  rod  with  axial  compositional 
variations  was  obtained.  This  feed  rod  was  extruded  at  180° 
C.  through  a  23  mm  orifice  to  obtain  a  green  fiber  with  a 
texture  similar  to  tree  rings.  An  example  of  this  fiber  is 
15  shown  in  FIG.  10  (axial  section)  and  FIG.  U  (radial  section). 
A  uniaxial  layup  of  these  fibers  was  molded  to  produce  a 
textured  green  ceramic  article  having  a  wood-like 
appearance,  as  illustrated  in  FIG.  12. 


20 


EXAMPLE  9 


This  example  illustrates  the  preparation  of  silicon  nitride/ 
boron  nitride  fibers  using  “chip  and  washer”  axial  extrusion, 
in  accordance  with  one  aspect  of  the  present  invention. 

1.  Silicon  nitride  compound: 

^  A,  Sintcrablc  silicon  nitride  powder  mixed  with  sintering 
aids  (9  wt  %  yttria  powder  and  3  wt  %  alumina 
powder):  36.50  g 

B.  Ethylene  Vinyl  Accutc  copolymer:  9.30  g 

C.  Heavy  Mineral  oil:  2.16  g 

^  D.  Methoxypolyethylene  Glycol  (MW  550]:  1.0  g 

2.  Boron  nitride  compound: 

A.  Boron  nitride  powder  24.75  g 

B.  Ethylene  Vinyl  Accutc  copolymer:  10.34  g 

35  C.  Methoxypolyethylene  Glycol  [MW  550]:  ().75  g 

The  silicon  nitride  compound  and  the  boron  nitride  com¬ 
pound  were  compounded  as  in  previous  examples.  Using  the 
method  of  Example  2.  the  silicon  nitride  compound  and 
boron  nitride  compound  were  compression  molded  at  150 
40  C.  between  flat  steel  sheets  to  provide  flat  sheets  of  each 
material  of  0.3  mm  in  thickness.  Using  a  punch.  22  mm 
diameter  discs  were  cut  from  the  silicon  nitride  shc^. 
“Washers”  were  cut  from  the  boron  nitride  sheets,  the 
washers  having  a  22  mm  outer  diameter  and  a  6  mm  inner 
45  diameter.  A  6  mm  sUicon  nitride  disc  was  then  pUced  into 
the  central  hole  of  the  boron  nitride  disc.  A  fee^od  was 
prepared  by  stacking  those  multicomponent  discs  tn  a 
particular  sequence,  which  was  for  this  example  four  grey 
silicon  nitride  discs,  one  white  boron  nitride  disc.  etc. 

50  After  compression  molding  at  150°  C.  and  a  l^d  o 
23. 2N.  a  solid  feed  rod  with  axial  compositional  variations 
was  obtained.  This  feed  rod  was  extruded  at  110°  C.  through 
a  3  ram  orifice  to  obtain  a  green  fiber  having  a  texture 
to  tree  rings.  A  uniaxial  layup  of  these  fibers  was  molded  to 
55  produce  a  textured  green  ceramic.  Alter  molding  a  number 
of  such  fibers  into  a  desired  shape  to  provide  a  green  fibrous 
monolithic  ceramic,  the  monolith  was  baked  to  remove  the 
binder.  The  resulting  article  was  then  pressure  sintered  to 
provide  a  fibrous  monolith  having  a  wood-like  appearance. 
60  While  the  examples  included  herein  utilize  piston 
extrusion,  it  is  believed  that  other  extrusion  methods  known 
in  the  an  could  also  be  used.  As  one  example,  continuous 
bicomponent  extrusion  of  highly  loaded  ceramic  systems 
could  be  accompUshed  if  properly  designed  bicomponent 
65  spinning  dies  were  utilized. 

All  of  the  references  cited  herein  are  hereby  incorporated 
in  their  entireties  by  reference. 
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While  this  invention  has  been  described  with  an  emphasis 
upon  prefeixed  embodiments,  it  will  be  obvious  to  those  of 
ordinary  skill  in  the  an  that  variations  of  the  prcfcixed 
embodiments  may  be  used  and  that  it  is  intended  that  the 
invention  may  be  practiced  otherwise  than  as  specifically  5 
described  herein.  Accordingly,  this  invention  includes  all 
modifications  encompassed  within  the  spirit  and  scope  of  the 
invention  as  defined  by  the  following  claims. 

We  claim  as  our  invention: 

1.  A  method  for  preparing  a  green  fibrous  monolith 
comprising 

extruding  at  least  a  first  feed  rod  to  provide  a  green 
ceramic  fiber,  the  first  feed  rod  being  prepared  by 
forming  a  first  ceramic-laden  composition  comprising  a 
thermc^iastic  polymer  and  at  least  about  40  vol.  %  of 
a  ceramic  particulate  into  a  substantially  cylindrical 
core  and  applying  a  second  ceramic-laden  composition 
comprising  a  thermoplastic  polymer  and  at  least  about 
40  vol.  %  of  a  ceramic  particulate  which  differs  from 
the  first  ceramic- laden  composition  onto  the  core,  and 

forming  a  green  ceramic  monolith  by  shying  at  least  the 
green  ceramic  fiber. 

wherein  during  die  extrusion  step,  each  ceramic-laden 
composition  has  a  viscosity  that  is  approximately 
equivalent  to  that  of  each  other  ceramic-laden  compo-  ^5 
sition, 

2.  The  method  according  to  claim  1,  wherein  the  green 
ceramic  fiber  is  provided  by  substantially  simultaneously 
extruding  the  first  feed  rod  and  a  second  feed  rod. 

wherein  the  second  feed  rod  is  prepared  by  forming  a  third  3^ 
ceramic-laden  composition  comprising  a  thermoplastic 
polymer  and  at  least  about  40  vol.  %  of  a  ceramic 
particulate  into  a  substantially  cylindrical  core  and 
applying  a  layer  of  a  fourth  ccramic-ladcn  composition 
comprising  a  thermoplastic  polymer  and  at  least  about  33 
40  vol.  %  of  a  ceramic  particulate  which  differs  from 
the  particulate  contained  in  the  third  composition  onto 
the  core,  and 

wherein  the  third  ceramic-laden  composition  is  different 
from  the  first  ccramic-ladcn  composition.  40 

3.  The  method  according  to  claim  2.  wherein  the  third 
ccramic-ladcn  composition  is  different  from  the  first  and 
second  ceramic-laden  compositions. 

4.  The  method  according  to  claim  3.  wherein  the  fourth 
ccramic-ladcn  composition  is  different  from  the  first  and  45 
second  ccramic-ladcn  compositions. 

5.  The  method  according  to  claim  1.  further  comprising 
preparing  the  first  feed  rod  by  applying  a  layer  of  a  third 
ceramic- laden  composition  comprising  a  thermoplastic 
polymer  and  at  least  about  40  vol.  %  of  a  ceramic  particulate  50 
onto  the  second  ccramic-ladcn  composition,  wherein  the 
composition  of  the  third  ceramic -laden  composition  differs 
from  the  composition  of  the  second  ceramic-laden  compo¬ 
sition. 

6.  .A  method  for  preparing  a  green  fibrous  monolith  from  55 
at  least  one  green  ceramic  fiber  having  a  controlled  texture 
comprising 

(a)  forming  a  first  ceramic-laden  composition  comprising 
a  thermoplastic  polymer  and  at  least  about  40  vol.  %  of 

a  ceramic  particulate  into  a  substantially  cylindrical  60 
core. 

(b)  applying  a  layer  of  a  second  ceramic-laden  composi¬ 
tion  comprising  a  thermoplastic  polymer  and  at  least 
about  40  vol.  %  of  a  ceramic  particulate  which  differs 
from  the  particulate  contained  in  the  first  composition  65 
onto  the  core  to  fonn  a  substantially  cylindrical  feed 
rod  having  an  average  diameter. 
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(c;  e.xcruding  the  feed  rod  to  provide  at  least  one  green 
ceramic  fiber  which  has  an  average  diameter  that  is  less 
than  the  average  diameter  of  the  feed  rod.  and 
(d)  shaping  the  at  least  one  green  ceramic  fiber  to  provide 
the  green  fibrous  monolith, 

wherein,  during  the  extrusion  step,  each  ceramic- laden 
composition  has  a  viscosity  which  is  approximately 
equivalent  to  that  of  each  other  ceramic-laden 
composition,  and.  when  the  ceramics  present  in  the 
extruded  at  least  one  green  ceramic  fiber  are  sintered, 
a  plane  of  weakness  defined  by  the  interface  of  the  core 
and  the  layer  is  provided,  the  interface  being  relatively 
weaker  than  the  core. 

7.  The  method  according  to  claim  6.  wherein  when  at  least 
two  green  ceramic  fibers  are  used  to  provide  the  green 
fibrous  monolith,  one  of  the  fibers  having  a  composition  that 
is  different  from  at  least  one  of  the  other  fibers. 

8.  The  method  according  to  claim  6.  the  method  further 
comprising  heating  the  green  fibrous  monolith  to  sinter  the 
ceramic  panicles  therein,  thereby  providing  a  fibrous  mono¬ 
lith. 

9.  The  method  according  to  claim  6.  further  comprising 
forming  a  third  ceramic-laden  composition  comprising  a 

thermoplastic  polymer  and  at  least  about  40  vol.  %  of 
a  ceramic  particulate  into  a  substantially  cylindrical 
core. 

applying  a  layer  of  a  fourth  ceramic-laden  composition 
comprising  a  thcrmcplastic  polymer  and  at  least  about 
40  vol.  %  of  a  ceramic  particulate  which  differs  from 
the  particulate  contained  in  the  third  composition  onto 
the  core  to  form  a  second  substantially  cylindrical  feed 
rod  having  an  average  diameter, 
extruding  the  second  feed  rod  to  form  a  second  green 
ceramic  fiber  which  has  an  average  diameter  that  is  less 
than  the  average  diameter  of  the  second  feed  rod,  and 
shaping  at  least  the  second  green  ceramic  fiber  and  the 
first  green  ceramic  fiber  to  provide  the  green  ceramic 
monolith. 

wherein  the  third  ccramic-ladcn  composition  is  different 
from  the  first  ccramic-ladcn  composition. 

10.  The  method  according  to  claim  9.  wherein  the  third 
ceramic-laden  composition  is  different  from  the  first  and 
second  ccramic-ladcn  compositions. 

11.  The  method  according  to  claim  10.  wherein  the  fourth 
ceramic-laden  composition  is  different  from  the  first  and 
second  ceramic-laden  compositions, 

12.  The  method  according  to  claim  6.  wherein  befen-e  the 
first  green  fiber  is  used  in  step  (d)  to  provide  the  green 
fibrous  monolith,  the  average  diameter  possessed  by  the  first 
green  ceramic  fiber  after  step  (c)  is  further  reduced  by 
extruding  the  green  ceramic  fiber. 

13.  A  method  for  preparing  a  green  fibrous  monolith  from 
at  least  one  green  multifilament  ceramic  fiber  having  a 
controlled  texture  comprising 

(aj  forming  a  first  ceramic- laden  composition  comprising 
a  thermoplastic  polymer  and  at  least  about  40  vol.  %  of 
a  ceramic  particulate  into  a  substantially  cylindrical 
core. 

(b;  applying  a  layer  of  a  second  ccramic-laden  composi¬ 
tion  comprising  a  thermoplastic  polymer  and  at  least 
about  40  vol.  %  of  a  ceramic  particulate  which  differs 
from  the  particulate  contained  in  the  first  composition 
onto  the  core  to  form  a  substantially  cylindrical  feed 
rod  having  an  average  diameter. 

(c)  extruding  the  feed  rod  to  provide  at  least  two  green 
ceramic  fibers,  each  fiber  having  an  average  diameter 
that  is  less  than  the  average  diameter  of  the  feed  rod. 
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(d)  extruding  the  at  least  two  green  ceramic  fibers  sul> 
stantiaily  simultaneously  to  form  at  least  one  nuiltifila- 
ment  green  ceramic  fiber,  and 

(e)  shaping  the  at  least  one  muldfilamcnt  green  ceramic 
fiber  to  provide  the  green  fibrous  monolith, 

wherein,  during  each  extrusion  step,  each  ceraimc-laden 
composition  has  a  viscosity  which  is  approximately 
equivalent  to  that  of  each  other  ccraimc-ladcn 
composition,  and,  when  the  ceramics  present  in  the  at 
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least  one  green  ceramic  fiber  are  sintered,  a  plane  of 
weakness  defined  by  the  interface  of  the  core  and  the 
layer  is  provided,  the  interface  being  reUdvely  weaker 
than  the  cores. 

14.  The  method  according  to  claim  13.  the  method  further 
comprising  heating  the  green  fibrous  monolith  to  sinter  the 
ceramic  particles  therein,  thereby  providing  a  fibrous  mono- 
Uth- 
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